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)  Cancer  patients  can  harbor 


significant  numbers  of  CD8  and  CD4  T  cells  with  specificities  to  tumor  Ags .  Yet,  in  most 
cases,  such  T  cells  fail  to  eradicate  the  tumor  in  vivo,  reflecting  the  partial  or  total 
compromise  of  tumor  specific  immune  surveillance  In  the  course  of  the  past  year  we 
investigated  the  interference  of  Ag-specific  CD4+CD25*  regulatory  T  (Treg)  cells  with  the 
tumor-specific  CD8  T  cell  immune  response  in  vivo,  by  monitoring  the  homing,  expansion  and 
effector  function  of  both  subsets  in  draining  and  non-draining  lymph  nodes.  The  results 
show  that  CD8  cells  expand  to  the  same  extent  and  produce  similar  levels  of  IFN-y  in  the 
presence  or  absence  of  Ag-specific  Treg.  Intravital  imaging  studies  have  revealed  normal 
interaction  of  the  cytotoxic  T  cells  with  HA  expressing  target  cells  within  tumor  draining 
lymph  nodes,  as  well  as  release  of  granules  by  the  T  cells,  but  absence  of  any  killing 
activity.  Thus,  Tregs  abrogate  CD8  T  cell-mediated  tumor  rejection  by  specifically 
suppressing  the  cytotoxicity  of  expanded  CD8  cells.  The  molecular  mechanism  of  suppression 
involves  TGF-p  since  expression  of  a  dominant  negative  TGF-p  receptor  by  tumor-specific 
CD8  cells  renders  them  resistant  to  suppression  and  is  associated  with  tumor  rejection  and 
unimpaired  cytotoxicity,  highlight  the  potential  therapeutic  sense  of  targeting  TGF-p 
receptor  signaling,  for  enhancing  anti  tumor  T  cell  responses. 
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INTRODUCTION:  Narrative  that  briefly  (one  paragraph) 
describes  the  subject,  purpose  and  scope  of  the  research. 

The  growth  of  mammary  tumors  reflects  the  failure  of  antitumor  T  cell  responses.  This  is 
likely  to  have  both  systemic  and  local  causes.  Spurious  expression  of  tumor  antigens  in 
the  thymus  could  lead  to  the  generation  of  regulatory  T  cells,  which  in  turn  may  suppress 
specific  cytolytic  T  cells  responses.  At  the  site  of  the  tumor,  local  tissue  and  tumor 
microenvironment  could  also  influence  tumor-T  cell  interactions  and  outcome.  By 
following  the  function  and  fate  of  T  cells  that  recognize  a  defined  antigen,  it  is  possible  to 
define  the  mechanisms  involved  in  immune  evasion  by  the  tumor,  and  to  open 
possibilities  for  targeted  therapy.  In  the  previous  annual  reports  we  described  animal 
model  of  autochtonous  mammary  cancer.  It  was  also  reported  that  transgenic  expression 
of  an  ectopic  antigen  (influenza  hemagglutinin:  HA)  led  to  the  generation  of  HA  specific 
regulatory  T  cells,  and  that  this  was  directly  linked  to  the  spurious  intrathymic  expression 
of  this  antigen.  Over  the  course  of  the  past  year,  we  have  made  progress  in  understanding 
in  detail  the  impact  of  the  presence  of  physiological  levels  of  tumor  specific  regulatory  T 
cells  on  anti-tumor  cytolytic  T  cell  responses.  Furthermore,  we  have  gained  insight  into 
the  mechanisms  of  immune  suppression  and  signaling  pathways  involved  in  rendering 
antigen  specific  cytotoxic  CD8+  T  cells  incapable  of  rejecting  the  tumor. 
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BODY:  This  section  of  the  report  shall  describe  the  research 
accomplishments  associated  with  each  task  outlined  in  the 
approved  Statement  Of  Work. 


Tregs  suppress  antigen  specific  CD8  T-cell  mediated  cytotoxicity. 

In  the  recent  years  it  has  become  increasingly  clear  that  systemic  immune  tolerance  plays 
a  major  role  in  preventing  autoimmunity.  In  the  context  of  cancer,  systemic  tolerance  to 
tumor  antigens  is  a  key  factor  in  hindering  tumor  rejection.  A  common  denominator  is 
the  promiscuous  expression  of  tissue  and/or  tumor  specific  genes  in  the  thymus.  Recent 
observations  in  transgenic  mice  suggest  promiscuous  expression  in  the  thymus  of 
particular  tumor  antigens  (1).  One  consequence  of  this  may  be  the  intrathymic  generation 
of  regulatory  T  cells  that  suppress  immune  responses  against  tissue/tumor  specific 
antigens  (2);  for  reviews  see  (3-5).  Indeed,  adoptive  T  cell  transfer  together  with 
myeloablative  treatment  have  provided  promising  results  in  the  treatment  of  melanoma 
patients  (6),  supporting  the  view  that  depletion  of  regulatory  cells  prior  to 
immunotherapy  can  be  beneficial,  in  controlling  cancer. 

Our  observations,  summarized  in  the  last  two  yearly  reports,  indicate  that  transgenic 
expression  of  the  influenza  coat  protein  (hemaglutinin:  HA)  leads  to  the  generation  of 
antigen  specific  regulatory  T  cells  that  migrate  from  the  thymus  and  are  maintained  in  the 
peripheral  lymphatics.  To  reveal  the  impact  of  T  cell  regulation  on  the  host  anti-HA 
immune  response,  we  performed  series  of  experiments  that  relied  on  the  adoptive  transfer 
of  HA  specific  regulatory  T  cells.  Tumors  expressing  or  not  expressing  HA  grew  equally 
well  in  transplanted  mice,  revealing  the  lack  of  an  efficient  tumor-specific  immune 
response  against  HA.  Transfer  of  HA  specific  CD8  T  cells  shortly  before  tumor  challenge 
resulted  in  specific  rejection  of  HA  expressing  tumors.  Rejection  of  CT44  tumors 
occurred  faster  when  HA-specific  CD8  T  cells  were  transferred  together  with 
HA-specific  CD4  helper  T  cells  (2)).  In  marked  contrast,  however,  when  HA-specific 
CD8  T  cells  were  transferred  together  with  HA-specific  TCR  transgenic  CD4+  CD25+  T 
cells  (Treg)  (2)),  CD8  T  cell-mediated  rejection  of  HA+  tumors  was  abolished.  The 
steady  state  levels  of  adoptively  transferred  T  cells  in  these  experiments  in  the  absence  of 
Ag  challenge  were  near  physiological,  and  comparable  for  both  CD4  and  CD8  cells,  in 
the  range  of  0.01%  Ag-specific  T  cells  amongst  total  CD8  or  CD4  cells,  respectively. 
These  experiments  therefore  indicate  that  Treg  were  able  to  effectively  interfere  at  early 
stages  with  the  CD8  immune  response. 

Aspects  of  CD8  T  cell  mediated  response  not  affected  by  Treg. 

Since  CD4  Treg  were  reported  to  impair  CD8  T  cell  proliferation  in  vitro  (7),  we 
investigated  whether  a  similar  mechanism  contributed  to  the  Treg-dependent  impairment 
of  the  CD8  immune  response  in  vivo.  Thus,  CFSE-labeled  HA-specific  Thy  1.2  CD8 
cells  were  adoptively  transferred  into  Thy  1.1  B ALB/c  mice  that  were  subsequently 
challenged  with  tumors.  The  number  of  HA-specific  CD8  cells  (defined  as  Thyl.2+ 
CD8+)  rapidly  increased  200  fold  in  the  tumor  draining  LN,  accompanied  by  extensive 
cell  division.  Similar  accumulation  and  expansion  of  HA-specific  CD8  cells  was 
observed  when  co-transferred  with  HA-specific  naive  CD4  cells.  The  CD4  T  cell 
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population  (defined  as  Thyl.2+  CD4+)  also  rapidly  expanded,  reaching  2.9%  ±  0.4%  of 
CD4  cells  on  d  7,  which  is  equivalent  to  3.3  ±  2.0  HA-specific  CD4  cells  per 
HA-specific  CD8  cell.  The  Ag-specific  proliferation  of  both  HA-specific  CD8  and  CD4 
cells  in  CT44  draining  LN  indicated  that  HA  peptides  were  effectively  presented  in  this 
environment.  Since  the  tumor  cells  did  not  express  class  II  MHC  molecules  the  results 
indicate  that  HA  Ags  were  released  from  tumor  cells  and  presented  by  class  II  MHC 
positive  cells,  most  likely  dendritic  cells,  in  the  draining  LN. 

In  further  experiments,  the  presence  of  Treg  did  not  alter  the  expansion  of  HA-specific 
CD8  cells  as  the  kinetic  of  expansion  of  CD8  cells  in  the  tumor  draining  LN  remained 
unchanged  or  only  slightly  reduced  after  co-transfer  with  Treg.  This  notion  was  further 
supported  by  the  observation  that  the  dilution  of  CFSE  label  was  not  significantly 
different  in  CD8  cells  expanding  in  the  absence  or  presence  of  Treg.  HA-specific  CD4 
Treg  also  accumulated  within  the  same  LN,  starting  from  ~0.01%  of  CD4  cells 
immediately  after  adoptive  transfer  and  reaching  3.4%  ±  0.8%  of  all  LN  CD4  cells  on  d 
7.  HA-specific  CD4  Treg  accumulated  faster  than  HA-specific  CD8  cells  by  d  7.  Neither 
CD8  cells  nor  Treg  accumulated  in  the  LN  draining  the  HA-negative  tumor.  HA-specific 
CD4  Treg  did  not  accelerate  apoptosis  of  HA-specific  CD8  cells,  as  the  vast  majority  of 
cells  remained  Annexin  V-negative  in  the  presence  or  absence  of  Treg.  Collectively 
these  data  indicated  that  Treg  did  not  interfere  with  accumulation  and  division  of 
tumor-specific  CD8  cells  in  the  tumor  draining  LN. 

In  an  attempt  to  understand  the  impact  of  Treg  of  CD8  T  cell  differentiation,  we  analyzed 
the  expression  of  differentiation  cell  surface  molecules  on  HA-specific  CD8  cells.  A 
significant  fraction  of  Ag-primed  HA-specific  CD8  cells  acquired  an  activated  CD25+ 
CD  127"  CD69+  CD44hlgh  CD62Ll0W  phenotype,  as  demonstrated  on  d  7  in  the  tumor 
draining  LN  (Fig.  1).  Similar  phenotypic  changes  were  observed  when  HA-specific  CD8 
cells  were  co-transferred  with  either  naive  HA-specific  CD4  cells  or  HA-specific  CD4 
Treg  (Fig.  1).  Since  HA-specific  CD8  cells  acquired  an  activated  phenotype  irrespective 
of  the  absence  or  presence  of  Treg,  expression  of  these  markers  were  not  informative. 

The  influence  of  HA-specific  Treg  on  the  functional  activity  of  CD8  cells  was 
investigated  by  analyzing  cytokine  production  in  HA-specific  CD8  cells  on  d  7  after 
tumor  challenge.  The  majority  of  HA-specific  CD8  cells  produced  IFN-y  and  TNF-a 
upon  restimulation  with  exogenous  HA  peptide  or  PMA/Ionomycin.  Co-transfer  of 
HA-specific  CD4  Treg  with  HA-specific  CD8  cells  did  not  inhibit  cytokine  production. 
This  was  so  whether  the  cells  were  restimulated  only  with  class  I  MHC-restricted 
peptide,  both  class  I  and  class  II  MHC-restricted  peptides  or  with  PMA  and  ionomycin 
indicating  that  the  reactivation  of  Treg  in  vitro  did  not  suppress  cytokine  production  by 
activated  CD8  cells. 

We  further  biased  the  experiments  to  favor  close  proximity  of  CD8  T  cells  and  Tregs 
during  antigen  re-stimulation  in  vitro.  This  was  done  by  exposing  the  explanted  T  cells  to 
antigen  presenting  cells,  pulsed  with  HA  specific  class  I  and  class  II  peptides,  rather  than 
adding  the  peptide  to  the  culture  medium.  The  presence  of  HA-specific  CD4  Treg  did  not 
interfere  with  cytokine  production  by  CD8  cells  even  under  these  condition  (Fig.  2). 
Collectively  these  experiments  indicate  that  the  Treg  did  not  interfere  with  the  ability  of 
CD8  cells  to  produce  IFN-y  at  early  stages  of  the  immune  response. 
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%  Positive  cells  amongst  HA-specific  CD8  T  cells  (Qste:  CD8+  Thy  1.2+) 


Figure  1  -  HA-specific  CD4  Treg  do  not  impair  the  expression  of  CD8  T  cell  differentiation  markers. 
Thy  1.1  B ALB/c  mice  were  adoptively  transferred  on  d  -1  with  different  combinations  of  Thy  1.2 
HA-specific  T  cells  and  challenged  with  CT44  (HA*)  tumors  on  d  0.  HA-specific  CD8  T  cells  (defined 
as  CD8*  Thy  1.2*)  were  collected  from  CT44  draining  LN  and  subjected  to  phenotypic  analysis.  Their 
phenotype  was  compared  with  the  one  displayed  by  naive  HA-specific  CD8  T  cells  that  were  used  for 
adoptive  transfer  on  d  -1.  Results  show  mean  and  S.D.  values  of  6  mice  from  2  independent 
experiments. 
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Figure  2  -  HA-specific  CD4  Treg  do  not  control  the  production  of  inflammatory  cytokines  by 
HA-specific  CD8  T  cells.  Thy  1.1  B ALB/c  mice  were  adoptively  transferred  on  d  -1  with  different 
combinations  of  Thy  1.2  HA-specific  T  cells,  challenged  with  (HA*)  tumors  on  d  0.  Tumor  draining  LN 
cells  were  collected  on  d  6.  HA-specific  CD8  T  cells  were  analyzed  for  (a)  IFN-y  (b)  TNF-a  production 
after  4  h  restimulation  with  exogenously  added  HA5I2.520  and  HA107_n9  peptides  or  PMA  and  Ionomycin. 

(c)  HA-specific  CD8  T  cells  were  analyzed  for  IFN-y  production  after  4  h  restimulation  with  DC 
previously  pulsed  with  only  HA512.520  or  both  HA512.520  and  HA107.1I9  peptides,  or  PMA  and  Ionomycin. 
Results  show  mean  and  S.D.  values  of  ^9  mice  from  ^3  independent  experiments. 

The  cytotoxicity  of  HA-specific  CD8  cells  was  addressed  by  in  vivo  readouts  on  day  6 
after  tumor  challenge.  In  the  absence  of  HA-specific  CD4  Treg,  HA-specific  CD8  T 


7 


Final  Report:  DAMD  17-  02-1-0361 


K.  Khazaie  Ph.D.,  D.Sc. 


cells  specifically  killed  HA5l2.52o  peptide-pulsed  targets  in  tumor  draining  LNs.  The 
presence  of  HA-specific  CD4  Treg  abolished  the  specific  cytotoxic  activity  of 
HA-specific  CD8  cells.  No  in  vivo  killing  of  HA+  targets  was  observed  in  mice  that  did 
not  receive  HA-specific  CD8  cells.  Importantly,  since  Treg  did  not  interfere  with  the 
proliferation  of  naive  CD8  cells,  the  observed  reduced  cytotoxic  activity  in  the  presence 
of  Treg  in  the  tumor  draining  LNs  indicated  direct  suppression  of  cytolytic  activity  rather 
than  indirect  suppression  through  impairment  of  proliferation. 


Mechanism  of  suppression  of  tumor  specific  CD8  T-cell  cytotoxicity  by  Treg. 

A  potential  role  of  TGF-0  in  the  suppression  of  tumor  rejection  by  CD8  cells  was 
analyzed  by  introducing  a  dominant  negative  TGF-{3  receptor  into  the  tumor-specific 
CD8  cells,  by  crossing  mice  with  the  transgenic  TCR  specific  for  Kd/HA512.52o  with  mice 
harboring  a  dominant  negative  TGFbR  type  II  (dnTGFbR)  (8).  Expression  of  dnTGFbR 
by  HA-specific  CD8  cells  did  not  alter  their  naive  phenotypic  status  at  least  in  4-6  wk 
old  animals,  as  the  vast  majority  of  both  dnTGFbR  and  wt  HA-specific  CD8  cells  were 
CD25“  CD127+  CD45RBhigh  CD69"  CD44,0W  CD62Lhigh  (Fig.  3).  When  105  dnTGFbR  or 
wt  HA-specific  CD8  cells  were  transferred  into  BALB/c  mice  both  populations  of  cells 
displayed  similar  kinetics  of  expansion  in  response  to  challenge  with  CT44  tumors  and 
rejected  CT44  tumors.  Thus,  expression  of  the  dnTGFbR  in  CD8  cells  did  not  alter  their 
expansion  and  the  kinetic  of  tumor  rejection.  When  co-injected  with  Treg,  dnTGFbR  and 
wt  HA-specific  CD8  cells  also  similarly  expanded  in  response  to  challenge  with  CT44 
tumors.  However,  expression  of  dnTGFbR  by  HA-specific  CD8  cells  interfered  with  the 
suppression  of  tumor  immunity  by  Treg  since  the  kinetic  of  tumor  rejection  mediated  by 
dnTGFbR  HA-specific  CD8  cells  was  comparable  to  the  one  mediated  by  wt 
HA-specific  CD8  cells  in  the  absence  of  Treg  (Fig.  4).  In  order  to  address  whether  this 
resulted  from  a  failure  of  Treg  to  suppress  cytotoxicity,  the  effector  function  of  dnTGFbR 
and  wt  CD8  cells  in  CT44  draining  LN  on  d  7  was  compared.  While  the  HA-specific 
CD8  cells  efficiently  lysed  HA-peptide  pulsed  syngeneic  target  cells  in  vivo  only  in  the 
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Figure  3.  Expression  of  a  dominant  negative  TGFbR  type  II  does  not  affect  CD8  T  cell  activation 
markers.  HA-specific  CD8  T  cells  bearing  or  not  a  dominant  negative  TGFbR  type  II  were  collected 
from  TCR-CL4  RAG dnTGFbR  or  TCR-CL4  RAG mice,  and  were  checked  for  expression  of  naive 
surface  markers.  Results  show  mean  values  of  3  mice. 

absence  of  Treg,  the  cytotoxicity  displayed  by  dnTGFbR  HA-specific  CD8  cells  in  the 
presence  or  absence  of  Treg  was  indistinguishable  (Fig.  4).  Thus,  expression  of 
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dnTGFbR  by  HA-specific  CD8  cells  was 
sufficient  to  render  CD8  cells  resistant  to 
regulation  by  Treg  and  allowed  efficient 
tumor  rejection  by  cytolytic  activity  (9). 
Furthermore,  detailed  analysis  of 
HA-specific  CD8  T  cells  showed  that 
HA-specific  CD4  Treg  did  not  impair 
their  proliferation.  Indeed,  98-99%  of  the 
transferred  CD8  T  cells  had 
homogeneously  and  extensively  divided  6 
days  after  tumor  challenge,  even  in  the 
presence  of  Treg.  Similarly,  HA-specific 
CD4  Treg  did  not  accelerate  apoptosis  of 
HA-specific  CD8  T  cells,  as  similar 
numbers  of  transferred  CD8  T  cells  were 
stained  with  Annexin  V  in  the  absence  or 
presence  of  Treg.  Similar  observations 
were  made  4  days  and  8  days  after  tumor 
challenge  (data  not  shown)  (9).  These 
observations  indicate  that  TGF|3  signaling 
in  the  CD8  cells  is  critically  required  to 
render  them  susceptible  to  Treg  mediated 
regulation.  Further  experiments  were 
done  to  understand  which  aspect  of  CD8 
function  was  suppressed  by  the  Treg.  The 
observations  revealed  a  novel  mechanism 
for  Treg-mediated  control  of  CD8  T  cell 
immune  responses. 

In  collaboration  with  the  laboratory  of 
Dr.  Ullrich  von  Andrian  we  embarked  on 
imaging  studies  of  the  interaction  of 
cytolytic  T  cells  and  their  targets  with  in 
the  tumor  draining  lymph  node,  using 
intravital  two  photon  microscopy.  To  this 
aim  we  first  investigated  the  possibility  of 
using  fluorescent  dyes  to  image  and 
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Figure  4.  Suppression  of  HA-specific  CD8  T  cell 
cytotoxic  activity  by  HA-specific  CD4  Treg 
requires  TGF-b  receptor  signaling.  On  d  -1,  l6 
naive  HA-specific  CD8  T  cells  expressing  or  not 
dnTGFbR  were  adoptively  transferred  into  BALB/c 
mice  either  alone  or  with  105  HA-specific  CD4 
Treg.  Mice  were  challenged  with  CT44  (HA+) 
tumors  on  d  0.  (a)  HA-specific  CD8  T  cells  in 
CT44  draining  LN  were  quantified  on  d  6.  Mice 
were  injected  intravenously  with  a  1:1  mixture  of 
syngeneic  splenocytes  previously  labeled  with  10 
/*M  CFSE  and  pulsed  with  HA5, 2.520  peptide  and  of 
cells  previously  labeled  with  1  /*M  CFSE  but  not 
pulsed  with  peptide.  Tumor  draining  LN  were 
collected  16  h  later  and  Ag-specific  killing  of 
HA512.52o  positive  targets  was  measured  by  flow 
cytometry,  (b)  In  vivo  cytotoxic  activity  in  CT44 
draining  LN  was  measured  on  d  6.  n.s.,  not 
significant,  *,  p<0.0001.  (c)  Tumor  size  was 
measured  over  a  period  of  two  weeks,  in  mice  not 
receiving  Treg  (left  panel)  or  receiving  Treg  (right 
panel).  Results  show  mean  and  S.D.  values  of  £9 
mice  from  £3  independent  experiments. 


distinguish  live  cells  from  killed  cells.  Spleen  derived  B  cells  were  pulsed  with  MHC 
class  I  HA  peptide  and  labeled  with  CMTMR  and  Hoechst  33342.  CMTMR  is  a  red 
fluorescent  dye  thioether  with  chloromethyl  groups  that  remains  within  the  cytoplasm 
and  react  with  thiol  groups.  Hoechst  33342  is  a  cell-permeant  nuclear  dye  that  emits  blue 
fluorescence  when  bound  to  adenine-thymine  rich  regions  of  the  minor  groove  of  DNA. 
The  labeled  cells  were  then  incubated  with  HA-specific  GFP  expressing  HA  specific 
cytotoxic  CD8  T  cells  in  vitro  in  the  presence  of  soluble  Annexin  V  FITC.  Confocal 
fluorescent  microscopy  revealed  that  intact  cells  were  negative  for  Annexin  V,  and 
exhibited  high  red/blue  fluorescence  ratio  intensities,  while  lysed  cells  were  positive  for 
Annexin  V  and  had  low  red/blue  fluorescence.  In  apoptotic  cells,  CMTMR  diffused  to 
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the  extracellular  medium  as  a  consequence  of  the  disruption  of  membrane  integrity,  and 
DNA  fragmentation.  These  preliminary  studies  validated  the  usefulness  of  the  dyes, 
which  were  then  used  for  in  vivo  studies  in  anesthetized  mice  to  distinguish  intact  and 
lysed  cells  based  on  their  red/blue  fluorescence  ratio  intensities  (Fig.  5). 


a  c 


Figure  5.  Distinction  between  intact  and  lysed  cells  in  vivo,  (a)  HA+  B  cells  were  labeled  with  CMTMR 
and  Hoechst  33342,  were  incubated  in  vitro  with  HA-specific  GFP+  cytotoxic  CD8  T  cells  in  the 
presence  of  soluble  Annexin  V  FITC.  Intact  (left  panel)  and  apoptosing  (right  panel)  target  cells, 
respectively  negative  or  positive  for  Annexin  V,  exhibit  high  and  low  red/blue  fluorescence  ratio 
intensities.  Note  loss  of  NCMTMR  in  lysed  cell  (right  panel),  as  a  consequence  of  the  disruption  of 
membrane  integrity,  as  well  as  increased  concentration  of  Hoechst  33342  in  the  nucleus  of  cells  with 
DNA  fragmentation,  (b-c)  Intravital  multiphoton  lymph  node  imaging  distinguishes  intact  and  lysed 
cells  based  on  their  red/blue  fluorescence  ratio  intensities  (b  and  c)  and  mean  track  velocity  (c).  (d) 
Flow  cytometry  of  lymph  node  cell  suspensions  confirm  a  reduction  of  red  fluorescence  intensity  of 
lysed  (Annexin  V+)  targets. 

To  this  aim  mice  were  injected  with  GFP  expressing  HA  specific  CD8  T-cells,  and 
transplanted  one  day  later  with  HA  expressing  tumor  cells.  2-5  days  later  the  mice  were 
injected  with  HA  pulsed  splenic  B  cells  that  had  been  labeled  with  CMTMR  and  Hoechst 
33342,  and  the  tumor  draining  lymph  node  was  imaged  by  time-lapse  intravital 
multiphoton  microscopy.  We  found  that  HA  specific  CD8  T-cells  in  tumor  draining 
lymph  nodes  were  highly  motile,  migrated  without  apparent  directional  bias  and 
selectively  formed  stable  conjugates  upon  encounter  with  B  cell  targets  that  present 
tumor  antigenic  peptides.  These  studies  revealed  long  lasting  interactions  between  the 
CD8  T  cells  and  their  HA+  target  cells,  which  led  to  the  loss  of  motility  of  the  latter  and 
finally  target  cell  lysis,  as  monitored  by  recording  their  red/blue  fluorescence  and 
calculating  the  corresponding  ratio  (Fig.  6,  a).  This  mode  of  imaging  allowed  us  to  record 
in  vivo  the  sequences  of  events  that  lead  to  antigen  specific  cell  killing  by  the  CD8  T- 
cells.  Furthermore,  it  opened  the  possibility  of  examining  the  impact  of  HA  specific  Treg 
on  the  CD8  T  cells. 
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To  investigate  the  in  vivo  events  associated  with  suppression  of  CD8  T  cell  mediated 
lysis,  we  repeated  the  above  experiments,  however  this  time  co-transferring  equal 
numbers  of  CD4+CD25+  HA  specific  Treg  together  with  the  CD8  T  cells.  We  then 
performed  intravital  multiphoton  microscopy  and  time-lapse  recording  of  the  migratory 
and  interactive  activities  of  HA+  target  B  cells  and  HA-specific  CD8  T  cells  in  the 
presence  of  regulatory  T  cells,  in  the  tumor  draining  lymph  node.  Surprisingly,  the  CD8 
T-cells  proceeded  to  make  contact  with  and  remained  in  relatively  long  term  association 
with  their  target  B  cells.  However,  the  long  lasting  interactions  did  not  result  in  loss  of 
motility  or  structural  integrity  of  the  target  cell  (Fig.  6,  b-d).  These  observations  indicate 
that  regulatory  T  cells  specifically  affect  the  killing  process,  presumably  by  hindering  the 
release  or  altering  the  composition  of  the  CD8  T  cell  derived  cytolytic  granules.  We 
propose  that  regulation  takes  place  at  the  level  of  T  cell  priming  and  leads  to  a  defective 


Figure  6.  CD4  regulatory  T  cells  control  CD8  lysis  in  vivo,  (a)  Representative  example  of  time-lapse 


recording  of  the  migratory  and  interactive  activities  of  HA+  target  B  cells  (labeled  with  CMTMR  and 
Hoechst  33342)  and  HA-specific  CD8  T  cells  (GFP)  in  the  presence  of  regulatory  T  cells  (not  visible 
here)  in  tumor  draining  lymph  node  and  imaged  by  intravital  multiphoton  microscopy  (b)  Absence  of 
target  cell  lysis  at  the  population  level  in  the  presence  of  regulatory  T  cells.  Each  dot  represents  the 
red/blue  fluorescence  ratio  of  a  single  target  cell  at  a  specific  time  point  (c)  Representative  examples  of 
the  monitoring  of  red/blue  fluorescence  ratio,  instant  velocity  and  interaction  with  effector  CD8  cells  of 
single  target  cells  over  time.  Note  that  long  lasting  interactions  do  not  result  in  loss  of  motility  or 
structural  integrity  of  the  target  cell,  (d)  Increased  motile  interaction  time  between  target  cells  and  CD8 
T  cells  in  the  presence  of  regulatory  T  cells,  although  killing  is  not  initiated. 


differentiation  of  the  disabled  effector  CD8  T  cells.  Further  experiments  are  underway  to 
clarify  these  points. 

Tumor-specific  CD8  T  cells  frequently  accumulate  in  metastatic  LNs  and  visceral  tumor 
tissues  from  cancer  patients,  but  are  deficient  in  mediating  cytolytic  activity  (10). 
Immunotherapy  of  patients  with  cancer  requires  in  vivo  generation  of  highly  reactive 
tumor-specific  T  cells  that  are  not  restrained  by  normal  tolerance  mechanisms. 
Lymphodepletion  has  been  recently  reported  to  have  a  marked  effect  on  the  efficacy  of 
adoptive  transfer  therapy  of  autologous  tumor-specific  T  cells  (6,  ll)(our  unpublished 
results;  see  last  report  from  last  year).  Here,  we  propose  that  the  success  of  this  strategy  is 
at  least  in  part  related  to  the  pre-activation  of  the  CD8  T  cells  through  lymphopenic 
expansion.  This  pre-activation  would  precede  and  override  the  aberrant  differentiation  of 
the  CD8  T-cells  that  takes  place  when  naive  T  cells  are  primed  in  the  presence  of  Treg. 
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KEY  RESEARCH  ACCOMPLISHMENTS: 

Using  the  influenza  HA  as  a  model  antigen,  we  have  demonstrated  that  expression 
of  self  antigens/tumor  antigens  results  in  systemic  tolerance  to  the  antigen. 

-  This  systemic  tolerance  is  largely  due  to  the  generation  of  antigen  specific  CD4+ 
regulatory  T  cells  (Treg)  in  the  thymus. 

-  Treg  specifically  inhibit  the  killing  activity  of  CD8  T-cells  that  recognize  the 
same  target  cells  and  the  Treg. 

-  The  mechanism  of  inhibition  of  CD8  T-cell  cytolysis  is  not  related  to  inbition  of 
expansion,  migration  or  even  contact  of  the  effector  cells  with  their  target  cells. 

-  The  mechanism  of  suppression  of  CD8  T-cell  cytolysis  is  most  likely  due  to 
aberrant  differentiation  of  the  naive  CD8  T  cells  in  the  presence  ot  Treg,  and  their 
failure  to  produce  and/or  release  cytolytic  granules  upon  contact  with  target  cells. 

-  Thus,  it  is  no  surprise  that  cancer  patients  may  harbor  large  numbers  of  tumor 
specific  T  cells  that  even  home  to  the  tumor  but  are  unable  to  reject  their  target. 
Overcoming  this  mode  of  immune  suppression  is  likely  to  produce  a  major 
breakthrough  in  the  immune  therapy  of  cancer. 
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Conclusions 

Cancer  is  likely  to  outdo  the  host  immune  responses  at  both  the  systemic  and  local  levels. 
Immune  therapy  strategies  therefore  have  to  consider  strengthening  the  host  at  both 
levels.  Action  of  antigen  specific  regulatory  cells  may  provide  a  common  mechanism  for 
systemic  tolerance,  intended  to  protect  against  autoimmunity,  but  also  preventing 
effective  immune  responses  against  tumors.  Spurious  intrathymic  expression  of  self  of 
self  antigens  as  well  as  the  fetal/embryonic  class  of  tumor  antigens  lead  to  the  generation 
of  potent  regulatory  T  cells.  We  have  demonstrated  that  in  vivo,  these  cells  are  capable  of 
neutralizing  otherwise  effective  cytolytic  activities  targeted  against  the  tumor. 
Understanding  the  exact  mechanism  by  which  regulation  works  is  critical  for  the  design 
of  effective  therapeutic  intervention.  We  have  shown  that  immune  regulation  by  Treg  is 
through  specific  inhibition  of  the  “kiss  of  death”  by  the  potential  cytolytic  T  cells.  Our 
work  has  provided  an  explanation  for  the  presence  of  relatively  high  frequencies  of  tumor 
specific  T  cells  in  cancer  patients  with  progressive  disease.  Similarly,  infiltration  of 
tumors  by  inactive  CD8  T-cells  has  been  demonstrated,  and  is  in  agreement  with  our 
observations.  The  first  stage  of  the  battle  is  won,  once  the  tumor  specific  regulatory  cells 
are  eliminated,  or  the  tumor  specific  cytolytic  cells  are  rendered  resistant  to  regulation. 
Our  work  has  provided  preliminary  evidence  that  the  latter  is  indeed  possible  to  achieve, 
with  relatively  simple  manipulations  of  the  host  prior  to  adoptive  T  cell  transfer,  or 
possibly  vaccination. 
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Cancer  patients  can  harbor  significant  numbers  of  CD8  and  CD4  T 
cells  with  specificities  to  tumor  antigens  (Ags).  Yet,  in  most  cases, 
such  T  cells  fail  to  eradicate  the  tumor  in  vivo.  Here,  we  investi¬ 
gated  the  interference  of  Ag-specific  CD4+CD25+  regulatory  T  cells 
(Treg)  with  the  tumor-specific  CD8  T  cell  immune  response  in  vivo, 
by  monitoring  the  homing,  expansion,  and  effector  function  of 
both  subsets  in  draining  and  nondraining  lymph  nodes.  The  results 
show  that  CD8  cells  expand  to  the  same  extent  and  produce  similar 
levels  of  IFN-y  in  the  presence  or  absence  of  Ag-specific  Treg. 
Nevertheless,  these  Treg  abrogate  CD8  T  cell-mediated  tumor 
rejection  by  specifically  suppressing  the  cytotoxicity  of  expanded 
CD8  cells.  The  molecular  mechanism  of  suppression  involves  TGF-0 
because  expression  of  a  dominant-negative  TGF-/3  receptor  by 
tumor-specific  CD8  cells  renders  them  resistant  to  suppression  and 
is  associated  with  tumor  rejection  and  unimpaired  cytotoxicity. 

CD4 f  CD25  +  regulatory  T  cells  (Treg)  are  negative  regulators 
of  T  cell  immune  responses  in  vitro  and  in  vivo  (1,  2).  Upon 
TCR  ligation,  Treg  can  suppress  the  proliferation  of  both  CD4 
and  CD8  cells  in  coculture  experiments  (3).  Recently,  however, 
it  has  been  shown  that  the  regulation  of  CD4  T  cell  responses  in 
vivo  can  have  different  kinetics  (reviewed  in  ref.  4).  When 
coinjected  into  normal  mice,  both  Treg  and  naive  CD4  ceils 
initially  proliferate  upon  recognition  of  cognate  antigen  (Ag). 
Furthermore,  Treg  do  not  influence  the  commitment  of  Ag- 
experienced  CD4  cells  to  produce  IFN-y  and  IL-2.  However, 
Treg  do  suppress  cytokine  secretion  and  interfere  with  the 
proliferation  and  possibly  survival  of  CD4  cells  later  during  the 
immune  response  (5-7).  Treg  also  can  control  the  magnitude  of 
recall  CD8  T  cell  responses  in  different  settings  that  include  viral 
(8,  9)  and  bacterial  (10)  infections  as  well  as  allograft  transplan¬ 
tation  in  vivo  (1 1, 12).  A  role  in  Treg  function  has  been  attributed 
to  IL-2,  which  stimulates  Treg  and  in  turn  may  inhibit  division 
of  memory  CDS  T  cells  (13,  14).  However,  these  studies  did  not 
trace  Ag-specific  Treg  in  draining  lymph  nodes  (LN),  and  it  is  not 
clear  to  what  extent  the  different  outcomes  reflect  accumulation 
of  Treg  by  specific  homing  and  local  expansion.  In  fact,  most 
studies  were  conducted  with  polyclonal  Treg  of  unknown  spec¬ 
ificity  where  such  questions  cannot  be  addressed,  and,  therefore, 
the  mode  of  inhibition  cannot  be  correlated  with  specific  Treg 
accumulation.  Analysis  of  tumor-bearing  patients  suggests  that 
suppression  of  CD8  T  cell  cytotoxicity  by  Treg  may  be  causally 
related  to  tumor  progression,  because  tumor-specific  CD8  cells 
and  tumor-specific  CD4  Treg  frequently  accumulate  in  tumors 
from  melanoma  patients,  and  tumor-specific  CD8  cells  fail  to 
exert  cytotoxic  T  lymphocyte  effector  function  (15-17). 

This  study  investigates  how  Treg  suppress  primary  CD8  T  cell 
immune  responses  directed  against  tumor  cells  expressing  influ¬ 
enza  hemagglutinin  (HA)  as  a  surrogate  tumor-specific  Ag. 
Naive  CD8  and  regulatory  CD4  T  cells  with  transgenic  receptors 
specific  for  distinct  peptides  of  HA  were  used  to  allow  us  to 
follow  the  fate  of  these  cells  in  tumor  draining  LN.  The  results 
show  that  Treg  interfere  with  CD8  T  cell-mediated  tumor 
rejection  relatively  early  during  the  immune  response,  and  the 


mechanism  by  which  Treg  suppress  naive  CD8  cells  differs  from 
the  ones  that  have  been  reported  for  memory  CD8  cells  (10-12, 
14).  Treg  influenced  neither  the  kinetics  of  proliferation  nor  the 
commitment  of  recently  activated  CD8  cells  to  produce  inflam¬ 
matory  cytokines.  Nevertheless,  CD8  cells  failed  to  undergo 
normal  functional  maturation  in  the  presence  of  Treg  as  evi¬ 
denced  by  the  fact  that  their  cytotoxic  potential  to  destroy 
specific  targets  in  vivo  was  abolished.  Thus,  these  experiments 
reveal  a  previously  unreported  fine-tuning  by  Treg  on  different 
effector  functions  of  CD8  cells. 

There  is  considerable  controversy  over  a  putative  role  of 
TGF-/3  in  the  Treg-dependent  regulation  of  immune  responses 
(18).  Although  two  recent  studies  suggested  that  TGF-/3  has  a 
crucial  role  in  the  suppression  of  CD8  T  cell-mediated  diabetes, 
perhaps  by  mechanisms  that  allow  more  potent  expansion  of 
Treg  (19)  and  mechanisms  that  may  affect  unknown  functions  of 
CDS  cells  (20),  the  essential  role  of  TGF-/3  has  been  debated  by 
others  (18).  Here,  we  show  that  Treg-dependent  inhibition  of 
tumor-specific  CD8  T  cell-mediated  cytotoxicity  requires  ex¬ 
pression  of  the  TGF-/3  receptor  by  CD8  cells.  These  data  suggest 
a  specific  role  of  TGF-/3  signaling  in  the  inhibition  of  cytotoxicity 
independent  of  cellular  proliferation. 

Materials  and  Methods 

Mice.  T  cell  receptor  (TCR)-HA  recombination  activating  gene- 
deficient  (RAG-/~)  mice  expressing  a  TCR  specific  for  H2-IE6/ 
HAio7-ii9,  TCR-CL4  RAG-/~  mice  expressing  a  TCR  specific 
for  //2-/kd/H As  12-520,  and  pgk-HA  x  TCR-HA  mice  were  gen¬ 
erated  as  described  in  refs.  21,  22,  and  23,  respectively.  BALB/c 
mice  were  purchased  from  Taconic  Farms.  BALB/c  Thyl.l  mice 
were  obtained  from  Paul  Allen  (Washington  University  School 
of  Medicine,  St.  Louis).  Dominant-negative  TGF/3R  type  II 
(dnTGF/3RII)  B6  mice  (24)  were  backcrossed  to  TCR-CL4 
RAG~h  BALB/c  mice  for  five  or  more  generations. 

T  Cells.  IIA-specific  CD8  cells  from  TCR-CL4  RAG  /_  mice, 
HA-specific  CD4  cells  from  TCR-HA  RAG_/~  mice,  and  HA- 
specific  CD4  Treg  from  pgk-HA  x  TCR-HA  mice  were  purified 
as  described  in  ref.  23.  Where  indicated,  cells  were  labeled  with 
10  pM  carboxyfluorescein  diacetate-succinimidyl  ester  (CFSE; 
Molecular  Probes)  prior  to  adoptive  transfer.  Dendritic  cells 
(DCs)  were  magnetically  purified  (>98%  CD1  lc+)  from  spleens 


Abbreviations:  Ag,  antigen;  CFSE,  carboxyfluorescein  diacetate-succinimidyl  ester;  DC 
dendritic  cell;  dnTGF/3R,  dominant-negative  TGF0R  type  II;  HA,  influenza  hemagglutinin; 
LN,  lymph  node;  PMA,  phorbol  1 2-myristate  1 3-acetate;  RAG  /_,  recombination  activating 
gene-deficient;  TCR,  T  cell  receptor;  Treg,  CD4+CD25^  regulatory  T  cells. 
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Fig.  1 .  HA-specific  CD8  T  cells  selectively  reject  HA-expressing  tumors  in  the 
absence  of  HA-specific  CD4  Treg.  On  day  - 1 ,  BALB/c  mice  were  not  treated  (a) 
or  were  adoptively  transferred  with  different  combinations  of  HA-specific  T 
cells  as  follows:  1 05  naTve  CD8  T  cells  (6),  1 05  naive  CD8  T  cells  and  1 05  CD4  Treg 
(c),  or  105  naive  CD8  and  105  naive  CD4  T  cells  ( d ).  On  day  0,  two  colon 
carcinoma  cell  lines,  namely  CT26  (HA  )  and  CT44  (HA+),  were  s.c.  inoculated 
in  the  right  and  left  footpads,  respectively.  Tumor  size  was  measured  over  a 
period  of  2  wk.  Results  show  mean  and  SD  values  of  nine  or  more  mice  from 
at  least  three  independent  experiments. 


of  BALB/c  mice  that  had  been  implanted  with  a  Flt-3L  secreting 
melanoma  cell  line  (25). 

Tumors.  The  CT26  tumor  cell  line  was  derived  from  a  chemically 
induced  murine  colon  carcinoma.  The  tumor  cell  line  CT44  was 
generated  by  transfecting  CT26  cells  with  a  fusion  protein  of 
influenza  HA  and  EGFP  (23).  We  injected  106  CT44  and  CT26 
cells  s.c.  into  the  upper  side  of  the  left  and  right  hind  paws  of 
anesthetized  animals,  respectively  (23). 

Flow  Cytometry.  All  mAbswere  obtained  from  Becton  Dickinson, 
except  anti-HA  (clone  37.38),  which  was  obtained  from  South¬ 
ern  Biotechnology  Associates.  Anti-TCR-HA  (clone  6.5)  was 
purified  in  our  laboratory.  Surface  and  intracellular  staining  and 
flow-cytometric  analysis  were  performed  as  described  in  ref.  26. 

In  Vivo  Cytotoxic  T  Lymphocyte  Assays.  Splenocytes  from  BALB/c 
mice  were  labeled  with  either  1  or  10  ptM  CFSE  (namely,  CFSE+ 
or  CFSE2+),  then  incubated  for  1  h  at  37°C  with  either  no  peptide 
or  1  /ng/ml  HA107-119  peptide,  respectively.  Recipient  mice  were 
injected  i.v.  with  a  1:1  ratio  of  the  two  populations  (2  x  107  cells). 
Tumor-draining  LN  cells  were  obtained  16  h  later  and  stained  with 
appropriate  mAbs,  including  anti-B220  mAb.  Percentage  specific 
lysis  was  calculated  as  follows:  %  specific  lysis  =  [1  -  (B220+ 
CFSE+  events/B220+  CFSE2+  events)]  x  100. 

Results 

Treg  Abrogate  CD8  Tumor  Immunity.  The  specificity  of  CD8  T 
cell-mediated  tumor  responses  was  analyzed  in  normal  healthy 
BALB/c  mice  that  were  injected  s.c.  with  both  106  HA+  tumor 
cells  (CT44,  right  foot)  and  106  HA“  tumor  cells  (CT26,  left 
foot)  on  day  0.  Both  tumors  grew  equally  well  in  the  transplanted 
mice,  indicating  the  lack  of  an  efficient  tumor-specific  immune 
response  in  normal  mice  (Fig.  la).  However,  adoptive  transfer  of 
105  naive  CD8  cells  bearing  a  transgenic  TCR  specific  for  the 


A^-restricted  HA512-520  peptide  (hereafter  termed  HA-specific 
CD8  cells)  1  day  before  tumor  challenge  resulted  in  specific 
rejection  of  CT44  tumors  (Fig.  16).  CD8  T  cell-mediated  rejec¬ 
tion  of  CT44  tumors  was  apparent  between  days  7  and  10  and  was 
complete  on  day  14  (Fig.  16).  In  contrast,  CT26  tumors  within 
the  same  individuals  were  not  rejected  (Fig.  16). 

We  then  investigated  whether  CD4  Treg  with  specificity  for  a 
class  Il-restricted  HA  epitope  may  influence  primary  CD8  T  cell 
immune  responses  directed  against  the  class  I  restricted  HA 
peptide  (bystander  suppression).  FIA-specific  CD4  Treg  were 
obtained  from  mice  expressing  influenza-HA  under  the  control 
of  the  ubiquitous pgk  promoter  (pgk-HA )  and  a  transgenic  TCR 
( TCR-HA )  specific  for  the  I-£d-restricted  H  A107-119  peptide  (26). 
BALB/c  mice  were  adoptively  transferred  with  a  mixture  of  105 
naive  HA-specific  CD8  cells  and  105  HA-specific  CD4  Treg  and 
subsequently  challenged  with  CT26  and  CT44  tumors.  The 
results  showed  that  Treg  completely  abrogated  CD8  T  cell- 
mediated  rejection  of  CT44  tumors  (Fig.  lc),  in  that  the  kinetic 
of  CT44  tumor  growth  was  as  fast  as  that  displayed  by  the  CT26 
tumor  within  the  same  individual  (Fig.  lc),  and  comparable  with 
the  kinetic  of  CT44  or  CT26  tumor  growth  in  mice  that  did  not 
receive  HA-specific  CD8  cells  (Fig.  la). 

In  contrast  to  the  Treg-dependent  abrogation  of  CD8  T 
cell-mediated  tumor  rejection,  the  cotransfer  of  105  nonregula- 
tory  CD4  cells  with  the  same  specificity  as  the  Treg  did  not 
abrogate  but  rather  enhanced  tumor  rejection  by  CD8  cells  (Fig. 
Id ),  in  line  with  the  reported  role  of  CD4  cells  in  augmenting 
immune  responses  by  CD8  cells  (21,  27).  As  reported  in  ref.  23, 
adoptive  transfer  of  naive  HA-specific  CD4  cells  alone  did  not 
mediate  rejection  of  CT44  tumors.  The  steady-state  levels  of 
adoptively  transferred  T  cells  in  these  experiments  in  the  absence 
of  Ag  challenge  were  comparable  for  both  CD4  and  CD8  cells, 
in  the  range  of  0.01%  Ag-specific  T  cells  among  total  CD8  or 
CD4  cells,  respectively.  These  experiments,  therefore,  indicate 
that  Treg  were  able  to  interfere  effectively  at  early  stages  with 
the  CD8  immune  response. 

CDSTCell  Homing  and  Expansion.  Because  CD4  Treg  were  reported 
to  impair  CD8  T  cell  proliferation  in  vitro  (28),  we  investigated 
whether  a  similar  mechanism  contributed  to  the  Treg-dependent 
impairment  of  the  CD8  immune  response  in  vivo.  In  initial 
experiments,  CFSE-labeled  HA-specific  Thyl.2  CD8  cells  were 
adoptively  transferred  into  Thy  1.1  BALB/c  mice  that  subse¬ 
quently  were  challenged  with  CT44  and  CT26  tumors  simulta¬ 
neously.  The  number  of  HA-specific  CD8  cells  (defined  as 
Thyl.2+  CD8+)  rapidly  increased  200-fold  in  CT44  draining  LN 
(Fig.  2  a  and  6),  whereas  HA-specific  CDS  cells  did  not 
accumulate  in  CT26  draining  LN  (Fig.  2c).  As  shown  in  Fig.  26, 
the  accumulation  of  CD8  cells  in  CT44  draining  LN  was  accom¬ 
panied  by  extensive  cell  division.  Similar  accumulation  and 
expansion  of  HA-specific  CD8  cells  was  observed  when  cotrans¬ 
ferred  with  HA-specific  naive  CD4  cells  (Fig.  26).  The  CD4  T 
cell  population  (defined  as  Thyl.2+  CD4+)  also  rapidly  ex¬ 
panded  in  CT44  draining  LN,  reaching  2.9  ±  0.4%  of  CD4  cells 
on  day  7,  which  is  equivalent  to  3.3  ±  2.0  HA-specific  CD4  cells 
per  HA-specific  CD8  cell.  The  Ag-specific  proliferation  of  both 
HA-specific  CD8  and  CD4  cells  in  CT44  draining  LN  indicated 
that  HA512-520  and  HA107-119  peptides  were  effectively  presented 
in  this  environment.  Because  CT44  tumor  cells  do  not  express 
class  II  MHC  molecules,  the  results  indicate  that  HA  Ags  were 
released  from  tumor  cells  and  presented  by  class  II  MHC  positive 
cells,  most  likely  DCs,  in  the  draining  LN. 

In  further  experiments,  the  fate  of  HA-specific  CD8  cells  that 
were  cotransferred  with  HA-specific  CD4  Treg  was  studied.  The 
presence  of  Treg  did  not  alter  the  expansion  of  IIA-specific  CD8 
cells  because  the  kinetic  of  expansion  of  CD8  cells  in  the  CT44 
draining  LN  remained  unchanged  or  only  slightly  reduced  after 
cotransfer  with  Treg.  This  notion  was  further  supported  by  the 
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Fig.  2.  HA-specific  CD4  Treg  neither  impair  proliferation  nor  accelerate  apoptosis  of  HA-specific  CD8  T  cells.  Thy  1.1  B ALB/c  mice  were  adoptively  transferred 
on  day  -1  with  different  combinations  of  CFSE-labeled  Thyl  .2  HA-specific  T  cells  and  challenged  with  CT26  (HA  )  and  CT44  (HA f)  tumors  on  day  0  as  described 
in  Fig.  1 .  (a)  CT44  draining  LN  from  mice  that  received  either  naive  HA-specific  CD8  T  cells  (O)  or  naive  HA-specific  CD8  T  cells  and  HA-specific  CD4  Treg  (•)  were 
collected  at  different  time  points,  and  frequency  of  the  transferred  CD8  T  cells  (defined  as  CD8+Thy1 .2  +)  was  quantified  by  flow  cytometry.  (6)  CD8  T  cells  in  CT44 
draining  LN  were  assessed  on  day  6  for  cell  division  (CFSE  distribution)  and  apoptosis  (binding  to  annexin  V).  (c)  Similar  analysis  was  performed  with  cells  retrieved 
in  CT26  tumor  draining  LN  at  the  same  time  point.  Similar  results  were  obtained  on  days  4  and  8  (data  not  shown).  Results  show  mean  and  SD  values  of  six  or 
more  mice  from  at  least  three  independent  experiments. 


observation  that  the  dilution  of  CFSE  label  was  not  significantly 
different  in  CDS  cells  expanding  in  the  absence  or  presence  of 
Treg  (Fig.  2b).  HA-specific  CD4  Treg  also  accumulated  within 
the  same  LN,  starting  from  «*0.01%  of  CD4  cells  immediately 
after  adoptive  transfer  (data  not  shown)  and  reaching  3.4  ±  0.8% 
of  all  LN  CD4  cells  on  day  7  (Fig.  2b).  IIA-specific  CD4  Treg 
accumulated  slightly  faster  than  HA-specific  CD8  cells  in  CT44 
draining  LNs,  because  we  found  2.8  ±  1.2  HA-specific  Treg  per 
HA-specific  CD8  cell  on  day  7.  Neither  CD8  cells  nor  Treg 
accumulated  in  the  LN  draining  the  HA-negative  CT26  tumor 
(Fig.  2c).  HA-specific  CD4  Treg  did  not  accelerate  apoptosis  of 
HA-specific  CD8  cells,  because  the  vast  majority  of  cells  re¬ 
mained  annexin  V-negative  in  the  presence  or  absence  of  Treg 
(Fig.  2b).  Collectively,  these  data  indicate  that  Treg  did  not 
interfere  with  the  accumulation  and  division  of  tumor-specific 
CD8  cells  in  CT44  draining  LN. 

CD8  T  Cell  Differentiation  Markers.  In  additional  assays  it  was 
analyzed  whether  Treg  interfered  with  the  expression  of  differ¬ 
entiation  cell  surface  molecules  on  HA-specific  CD8  cells.  To 
this  end  naive  HA-specific  CD8  cells  were  adoptively  transferred 
into  BALB/c  mice  subsequently  challenged  with  CT44.  A  sig¬ 
nificant  fraction  of  Ag-primed  HA-specific  CD8  cells  acquired 
an  activated  CD25+CD127  CD69+CD44hi«hCD62L,ow  pheno¬ 
type,  as  demonstrated  on  day  7  in  CT44  draining  LN  (see  Fig.  6, 
which  is  published  as  supporting  information  on  the  PNAS  web 
site).  Similar  phenotypic  changes  were  observed  when  HA- 
specific  CD8  cells  were  cotransferred  with  either  naive  HA- 
specific  CD4  cells  or  HA-specific  CD4  Treg  (Fig.  6).  Because 
HA-specific  CD8  cells  acquired  an  activated  phenotype  irre¬ 
spective  of  the  absence  or  presence  of  Treg,  expression  of  these 
markers  could  not  be  used  as  a  diagnostic  tool  to  predict  survival 
of  tumors. 

CD8  T  Cell  Cytokines.  Ag-primed  effector  CD8  cells  release  cyto¬ 
kines  and  lytic  molecules  that  mediate  a  local  inflammatory 
rpcnnnce  effect  target  cell  annntnuk  (?Q;  3D)  The  influence 


of  IIA-specific  Treg  on  the  functional  activity  of  CD8  cells  was 
investigated  by  analyzing  cytokine  production  in  HA-specific 
CD8  cells  on  d  7  after  tumor  challenge.  The  majority  of 
HA-specific  CD8  cells  produced  IFN-y  and  TNF-a  upon  re¬ 
stimulation  with  exogenous  /^-restricted  HA5 12-520  peptide  or 
phorbol  12-myrislale  13-acetale  (PMA)/ionomycin  (Fig.  3  a-c 
and  Fig.  7,  which  is  published  as  supporting  information  on  the 
PNAS  web  site).  Cotransfer  of  HA-specific  CD4  Treg  with 
HA-specific  CD8  cells  did  not  inhibit  cytokine  production.  This 
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Fig.  3.  HA-specific  CD4  Treg  do  not  control  the  production  of  inflammatory 
cytokines  by  HA-specific  CD8  T  cells.  Thy  1.1  BALB/c  mice  were  adoptively 
transferred  on  day  -1  with  different  combinations  of  Thy  1.2  HA-specific  T 
cells  and  challenged  with  CT44  (HA4)  tumors  on  day  0  as  described  in  Fig.  1, 
from  which  CT44  draining  LN  cells  were  collected  on  day  6.  HA-specific  CD8  T 
cells  were  analyzed  for  IFN-y  (a)  and  TNF-a  (b)  production  after  4-h  restimu¬ 
lation  with  exogenously  added  HA512-520  and  HA107-119  peptides  or  PMA/ 
ionomycin.  (c)  HA-specific  CD8T  cells  were  analyzed  for  IFN-y  production  after 
4-h  restimulation  with  DCs  previously  pulsed  with  only  HA512-S20  or  both 
HA51 2-520  and  HA107-119  peptides,  or  PMA/ionomycin.  Results  show  mean  and 
<;n  value*  of  nine  nr  more  mire  from  at  lea*t  thrpp  independent  experiment* 
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Fig.  4.  HA-specific  CD4  Treg  suppress  the  cytotoxic  activity  of  HA-specific 
CD8  T  cells  in  vivo.  BALB/c  mice  were  adoptively  transferred  on  day  -1  with 
different  combinations  of  HA-specific  T  cells  and  challenged  with  CT44  (HA+) 
tumors  on  day  0  as  described  in  Fig.  1.  Mice  were  injected  intravenously  with 
a  1 : 1  mixture  of  syngeneic  splenocytes  previously  labeled  with  1 0  /xM  CFSE  and 
pulsed  with  HA512-520  peptide  and  of  cells  previously  labeled  with  1  p.M  CFSE 
but  not  pulsed  with  peptide.  CT26  and  CT44  draining  LN  were  collected  16  h 
later,  and  Ag-specific  killing  of  HA512-520  positive  targets  was  measured  by 
flow  cytometry,  (a)  Representative  examples  for  in  vivo  killing  of  HA+  targets. 
(6)  Summary  of  in  vivo  killing  of  HA+  targets,  n.s.,  not  significant;  *,  P<  0.0001 . 
Results  show  mean  and  SD  values  of  nine  or  more  mice  from  at  least  three 
independent  experiments. 


result  occurred  whether  the  cells  were  restimulated  only  with 
class  I  MHC-restricted  peptide,  with  both  class  I  and  class  II 
MHC-restricted  peptides,  or  with  PMA  and  ionomycin,  indicat¬ 
ing  that  the  reactivation  of  Treg  in  vitro  did  not  suppress  cytokine 
production  by  activated  CD8  cells  (Fig.  3  a  and  b). 

We  further  investigated  whether  peptide  presentation  by  ATd+ 
I-£d+  antigen-presenting  cells  only  (i.e.,  favoring  close  proximity 
of  Treg  and  CD8  cells)  could  selectively  impair  CD8  T  cell 
activity.  To  this  end,  purified  splenic  DCs  (>97%  CDlicr  Adr 
I -£d+)  were  pulsed  with  only  the  class  I  MHC-restricted  peptide 
or  with  both  class  I  and  class  II  MHC-restricted  peptides  and 
used  as  antigen-presenting  cells.  Stimulation  by  PMA/ 
ionomycin  was  used  in  controls.  In  the  absence  of  HA-specific 
CD4  Treg,  a  significant  fraction  of  HA-specific  CD8  cells 
produced  IFN-y  upon  restimulation  with  peptide-pulsed  DCs 
(Fig.  3c).  This  fraction  was  lower  than  the  number  of  IFN-y- 
producing  H  A-specific  CD8  cells  upon  restimulation  with  PMA/ 
ionomycin  or  with  exogenously  added  HA  peptide(s)  (Fig.  3a). 
The  difference  is  likely  due  to  reduced  Ag  presentation  when 
peptide-pulsed  DCs  were  used  (Fig.  3c)  instead  of  supplying 
cultures  with  peptides  without  subsequent  removal  of  nonbound 
peptide  (Fig.  3  a  and  b).  Importantly,  the  presence  of  HA- 
specific  CD4  Treg  did  not  interfere  with  cytokine  production  by 
CD8  cells  even  when  the  CD4  cells  were  restimulated  with  the 
class  II  MHC-restricted  HA  peptide  (Fig.  3c).  Collectively  these 
experiments  indicate  that  the  Treg  did  not  interfere  with  the 
ability  of  CD8  cells  to  produce  IFN-y  at  early  stages  of  the 
immune  response. 

Suppression  of  CD8  T  Cell  Cytotoxicity.  The  cytotoxicity  of  HA- 
specific  CD8  cells  was  addressed  by  in  vivo  readouts  on  day  6  after 
tumor  challenge.  In  the  absence  of  HA-specific  CD4  Treg,  HA- 
specific  CD8  T  cells  specifically  killed  HA512-520  peptide-pulsed 
targets  in  CT44  draining  LNs  but  not  in  CF26  draining  LNs.  The 
presence  of  1 1  A-specific  CD4  Treg  abolished  the  specific  cytotoxic 
activity  of  HA-specific  CD8  cells  (P  <  0.0001;  Fig.  4).  No  in  vivo 
killing  of  HA+  targets  was  observed  in  popliteal  LNs  of  nonchal- 
lenged  mice  or  in  CT44  draining  LNs  from  CT44-bearing  mice  that 
did  not  receive  HA-specific  CD8  cells  (data  not  shown).  Impor¬ 
tantly.  because  Treg  did  not  interfere  with  the  proliferation  of  naive 
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Fig.  5.  Suppression  of  HA-specific  CD8  T  cell  cytotoxic  activity  by  HA-specific 
CD4Treg  requires  TGF-/3  receptor  signaling.  On  day  -1,  105naTve  HA-specific 
CD8  T  cells  expressing  or  not  expressing  dnTGF/SR  were  adoptively  transferred 
into  BALB/c  mice  either  alone  or  with  105  HA-specific  CD4  Treg.  Mice  were 
challenged  with  CT44  (HA+)  tumors  on  day  0.  (a)  HA-specific  CD8  T  cells  in  CT 44 
draining  LN  were  quantified  on  day  6.  (b)  In  vivo  cytotoxic  activity  in  CT44 
draining  LN  was  measured  on  day  6,  as  described  in  Fig.  4.  n.s.,  not  significant’ 
*,  P  <  0.0001 .  (c)  Tumor  size  was  measured  over  a  period  of  2  wk  in  mice  not 
receiving  (Left)  or  receivinq  (Right)  Treq.  Results  show  mean  and  SD  values  of 
nine  or  more  mice  from  at  least  three  independent  experiments. 


CD8  cells,  the  observed  reduced  cytotoxic  activity  in  the  presence 
of  Treg  in  CT44  draining  LNs  indicates  direct  suppression  of 
cytolytic  activity  rather  than  indirect  suppression  through  impair¬ 
ment  of  proliferation. 

TGF-/3-Dependent  Suppression.  A  potential  role  of  TGF-/3  in  the 
suppression  of  tumor  rejection  by  CD8  cells  was  analyzed  by 
introducing  a  dominant-negative  TGF-/3  receptor  into  the 
tumor-specific  CD8  cells,  by  crossing  mice  with  the  transgenic 
TCR  specific  for  Ad/IIA.512-520  with  mice  harboring  a 
dnTGFj3R  (24).  Expression  of  dnTGFjSR  by  HA-specific 
CD8  cells  did  not  alter  their  naive  phenotypic  status  at 
least  in  4-  to  6-wk-old  animals,  because  the  vast  majority  of 
both  dnTGFjSR  and  WT  HA-specific  CD8  cells  were 
CD25  CD127+CD45RBhi8hCD69-CD44,0WCD62Lhi«h  (see 
Fig.  8,  which  is  published  as  supporting  information  on  the 
PNAS  web  site),  whereas  some  dnTGFjSR  HA-specific  CD8 
cells  in  older  animals  (12-16  wk  old)  did  exhibit  the  CD44 
activation  marker  (data  not  shown).  Therefore,  CD8  cells  used 
in  further  experiments  were  from  4-  to  6-wk-old  mice.  When 
105  naive  dnTGFj3R  or  WT  HA-specific  CD8  cells  were 
transferred  into  BALB/c  mice,  both  populations  of  cells 
displayed  similar  kinetics  of  expansion  in  response  to  challenge 
with  CT44  tumors  (Fig.  5a)  and  rejected  CT44  tumors  (Fig. 
5c).  Thus,  expression  of  the  dnTGFj3R  in  CD8  cells  did  not 
alter  their  expansion  and  the  kinetic  of  tumor  rejection.  When 
coinjected  with  Treg,  dnTGFj3R  and  WT  HA-specific  CD8 
cells  also  similarly  expanded  in  response  to  challenge  with 
CT44  tumors  (Tig.  5a).  However,  expression  of  dnTGFBR  by 
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HA-specific  CD8  cells  interfered  with  the  suppression  of 
tumor  immunity  by  Treg  because  the  kinetic  of  tumor  rejection 
mediated  by  dnTGF)3R  HA-specific  CD8  cells  was  comparable 
with  the  one  mediated  by  WT  HA-specific  CD8  cells  in  the 
absence  of  Treg  (Fig.  5c).  To  address  whether  this  reaction 
resulted  from  a  failure  of  Treg  to  suppress  cytotoxicity,  the 
effector  function  of  dnTGFjSR  and  WT  CD8  cells  in  CT44 
draining  LN  on  day  7  was  compared.  Whereas  the  HA-specific 
CD8  cells  efficiently  lysed  H  A-peptide  pulsed  syngeneic  target 
cells  in  vivo  only  in  the  absence  of  Treg,  the  cytotoxicity 
displayed  by  dnTGF/3R  HA-specific  CD8  cells  in  the  presence 
or  absence  of  Treg  was  indistinguishable  (Fig.  5b).  Thus, 
expression  of  dnTGFjSR  by  HA-specific  CD8  cells  was  suffi¬ 
cient  to  render  CD8  cells  resistant  to  regulation  by  Treg  and 
allowed  efficient  tumor  rejection  by  cytolytic  activity. 

Discussion 

This  report  describes  the  influence  of  HA-specific  CD4+CD25  + 
Treg  on  the  primary  response  of  naive  HA-specific  CD8  cells 
against  HA-expressing  tumors  in  vivo.  The  results  show  the 
following:  (/)  HA-specific  CD8  cells  were  capable  of  rejecting 
HA-expressing  tumors,  whereas  HA-negative  tumors  were  not 
affected;  (//)  HA-specific  Treg  effectively  interfered  with  tumor 
rejection;  ( iii )  suppression  affected  neither  proliferation  of  CD8 
cells  during  the  first  10  days  of  the  response  nor  the  acquisition 
of  a  fully  activated  surface  phenotype;  ( iv )  suppression  affected 
only  the  cytolytic  activity  of  CD8  cells  and  had  no  impact  on 
IFN-y  or  TNF-a  secretion;  and  (v)  the  molecular  mechanism  of 
CD8  suppression  essentially  involved  TGF-/3  signaling  because 
CD8  cells  incapable  of  TGF-/3  signaling  were  resistant  to  sup¬ 
pression.  Thus,  Treg  can  effectively  suppress  the  early  tumor- 
specific  immune  response  by  CD8  cells  by  inhibiting  their 
cytolytic  activity  in  a  TGF-j3-dependent  manner. 

It  has  been  shown  that  Treg  can  suppress  the  proliferation  of 
CD4  and  CD8  cells  in  vitro  (3,  28,  31)  and  that  in  vivo  Treg  are 
capable  of  interfering  with  the  proliferation  of  as  well  as 
production  of  IFN-y  by  CD8  cells  (8,  10,  12,  14).  Indeed, 
secretion  of  IFN-y  by  CD8  cells  has  been  suggested  to  play  a 
critical  role  in  tumor  rejection  (32,  33).  However,  most  of  these 
studies  have  used  polyclonal  Treg  where  specific  homing  and 
expansion  cannot  be  studied  and  no  correlation  between  Ag- 
specific  Treg  and  inhibition  of  CD8  cells  can  be  made.  Here,  we 
have  analyzed  the  impact  of  Treg  on  a  primary  CD8  immune 
response  under  conditions  where  CD8  cells  and  Treg  have 
specificity  for  different  peptides  of  the  same  protein  expressed 
by  tumor  cells  and  where  initially  both  naive  CD8  cells  and  Treg 
are  present  at  a  low  frequency,  as  might  be  expected  under 
physiological  conditions.  This  procedure  permits  one  to  follow 
the  Ag-specific  responses  of  both  cell  types  in  the  tumor  draining 
LN  and  to  correlate  the  mode  of  inhibition  with  local  expansion. 
The  data  show  that  during  the  first  week  both  the  Ag-specific 
CD8  cells  as  well  as  the  Ag-specific  Treg  home  to  and  expand  in 
the  tumor  draining  LN  and  that  the  expanding  Treg  do  not  affect 
the  proliferation  of  CD8  cells.  Of  interest  is  the  observation  that 
despite  this  finding,  Treg  interfere  with  tumor  rejection  by  CD8 
cells,  which  otherwise  is  complete  by  day  10  or  shortly  thereafter. 
Because  suppression  of  proliferation  could  not  explain  these 
results,  we  analyzed  whether  Treg  interfered  with  the  effector 
functions  of  CD8  cells.  Although  no  significant  impairment  of 
IFN-y  production  was  observed  by  day  7,  there  was  an  almost 
complete  suppression  of  CD8-mediated  cytolytic  activity  at  this 
point  in  time.  This  suppression  was  essentially  dependent  on 
TGF-/3  signaling  because  CD8  cells  with  a  dominant  negative 
TGF-/3  receptor  were  resistant  to  suppression.  This  study  also 
illustrates  the  importance  of  the  Ag  specificity  of  Treg  on  the 
control  of  CD8  cells,  a  feature  of  the  immune  system  that  is  still 
poorly  defined  in  vivo.  It  is  noteworthy  that  the  HA-specific  CD8 
cells  were  not  controlled  bv  the  abundant  CD4+CD25+  T  cell 


repertoire  endogenously  present  in  the  recipient  mice,  but  were 
impaired  selectively  by  lower  numbers  of  HA-specific  Treg,  at 
least  upon  extensive  Ag-specific  proliferation. 

We  show  that  suppression  of  immune  responses  in  vivo  can  occur 
by  affecting  distinct  effector  mechanisms  at  different  stages  of  an 
immune  response.  In  interpreting  the  results,  one  can  envisage  a 
scenario  in  which  Treg  and  CD8  cells  initially  do  not  effectively 
interact  with  each  other  because  of  the  low  frequency  of  each 
population  in  the  draining  LN  and,  hence,  physical  separation  of  the 
two  subsets.  Thus,  both  populations  expand  significantly  and 
thereby  reach  a  frequency  allowing  a  more  effective  interaction 
either  directly  or  through  Ag-presenting  cell  intermediates.  It 
appears  that  at  this  stage,  the  suppression  of  cytolytic  activity  is 
more  effective  than  the  suppression  of  cytokine  production  or 
proliferation,  i.e.,  cytotoxicity  appears  most  sensitive  to  suppres¬ 
sion,  a  notion  consistent  with  observations  by  others  that  these 
effector  functions  can  be  regulated  independently  (27,  34-37), 
perhaps  because  they  require  different  intensity  of  TCR  signaling 
(38).  Also,  the  cytokine  requirement  for  proliferation  of  primary 
and  memory  CDS  cells  may  differ,  and,  hence,  Treg  may  be  more 
efficient  in  suppressing  the  proliferation  of  memory  than  of  primary 
CD8  T  cells.  It  is  tempting  to  speculate  that  in  vivo  Treg-mediated 
suppression  inhibits  TCR  signaling,  the  intensity  of  which  controls 
different  effector  functions.  This  hypothesis  could  explain  the 
reported  suppression  of  CD8  T  cell  proliferation  (8,  10)  and/or 
IFN-y  secretion  (9)  in  cases  of  viral  or  bacterial  infection,  under 
conditions  in  which  the  ratio  of  Ag-specific  Treg  and  CD8  cells  is 
unknown.  Our  results  also  show  that  in  this  model  of  tumor 
rejection,  loss  of  cytolytic  activity  is  sufficient  to  allow  tumor 
outgrowth  even  when  tumor-specific  T  cells  still  produce  high  levels 
of  IFN-y. 

Independent  evidence  suggests  that  the  suppression  of  CD8  T 
cell  cytotoxicity  by  Treg  may  be  common  in  cancer.  It  is  of  interest 
that  tumor-specific  CD8  cells  frequently  accumulate  in  tumors  of 
melanoma  patients  but  fail  to  exert  cytolytic  effector  function  (15), 
especially  under  conditions  where  tumor-specific  CD4  Treg  also 
could  be  identified  within  the  tumor  stroma  (16,  17).  These 
observations  are  consistent  with  results  described  in  this  study 
showing  that  tumor-specific  CD4  Treg  did  not  perturb  the  prolif-  . 
eration  of  HA-specific  CD8  cells  but  suppressed  their  cytolytic 
activity  in  vivo.  Such  suppression  may  not  only  occur  in  draining  LN 
but  also  among  extravasated  CD4  and  CD8  cells  within  the  tumor. 

In  this  context,  it  is  of  considerable  interest  that  the  pathway  of  I 
immune  suppression  of  cytolytic  activity  essentially  depends  on 
signaling  by  the  TGF-/3  receptor  on  CD8  cells.  Although  previous 
studies  on  TGF-/3-mediated  inhibition  have  not  addressed  specific 
effector  functions  (20),  our  observations  provide  a  rational  expla¬ 
nation  for  earlier  findings  indicating  that  T-cell-specific  blockade  of 
TGF-/3  signaling  renders  mice  resistant  to  tumors  that  otherwise 
would  have  been  lethal  (39).  TGF-/3-mediated  suppression  of  CD8 
T  cell  cytolytic  activity  in  vitro  has  been  studied  by  several  investi¬ 
gators,  and  it  has  been  reported  by  some  that  TGF-/3  interferes  at 
early  phases  of  the  cytotoxic  response  but  is  rather  ineffective  once 
cells  have  developed  cytolytic  activity  (40).  However,  there  are  also 
studies  describing  a  more  direct  inhibition  of  cytolytic  activity  by 
TGF-/3  by  interfering  with  the  production  of  pore-forming  protein 
independently  of  proliferation  (41)  that  are  consistent  with  our 
observations.  Our  results,  thus,  show  that  under  conditions  where 
the  homing  and  accumulation  of  Ag-specific  T  cells  and  their  CD8 
targets  can  be  tightly  monitored,  it  is  possible  to  identify  a  specific 
effector  CD8  T  cell  function,  namely  cytolytic  activity,  that  is  most 
susceptible  to  TGF-/3-mediated  inhibition  of  regulatory  T  cells. 
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Adoptive  transfer  of  antigen-specific  CD25+CD4+  regulatory  T  cells 
was  used  to  analyze  the  stability  of  their  phenotype,  their  behavior 
after  immunization,  and  their  mode  of  suppressing  cotransferred 
naive  T  cells  in  vivo.  We  found  that  regulatory  T  cells  maintained 
their  phenotype  in  the  absence  of  antigen,  were  not  anergic  in 
vivo,  and  proliferated  as  extensively  as  naive  CD4+  T  cells  after 
immunization  without  losing  their  suppressive  function  in  vivo  and 
in  vitro.  In  vivo,  the  expansion  of  cotransferred  naive  T  cells  was 
suppressed  relatively  late  in  the  response  such  that  regulatory  T 
cells  expressing  mostly  IL-10  but  not  IL-2  or  IFN-y  represented  the 
dominant  subset  of  cells.  Our  results  reveal  properties  of  regula¬ 
tory  T  cells  that  were  not  predicted  from  in  vitro  studies. 

Dominant  mechanisms  of  tolerance  control  the  autoimmune 
potential  of  self-reactive  T  cells  in  healthy  individuals  and 
animals  (reviewed  in  refs.  1-3).  Insights  into  the  regulation  of 
immune  responses  by  regulatory  T  cells  have  been  mostly 
obtained  with  polyclonal  populations  of  regulatory  T  cells  for 
which  the  role  of  specific  antigen  has  been  largely  obscure.  The 
impact  of  self-antigen  on  the  shaping  of  the  regulatory  T  cell  pool 
came  more  into  focus  when  it  was  observed  that  the  coexpression 
of  a  transgenic  class  II  MHC  restricted  T  cell  receptor  (TCR)  and 
its  agonist  ligand  resulted  in  the  generation  of  antigen-specific 
regulatory  T  cells  (4).  Subsequent  experiments  in  that  system 
confirmed  the  notion  that  thymic  epithelium  can  have  a  decisive 
role  in  the  formation  of  such  cells  by  demonstrating  that  the 
expression  of  an  agonist  ligand  on  radioresistant  tissue  (5)  and 
on  transplanted  thymic  epithelium  (6)  was  a  very  effective  means 
of  generating  regulatory  T  cells,  whereas  the  mode  of  generation 
of  polyclonal  regulatory  T  cells  in  normal  mice  still  needs  to  be 
elucidated. 

A  subset  of  CD4+  T  cells  expressing  the  interleukin-2  (IL-2) 
receptor  a-chain  (CD25)  recently  became  a  major  focus  of 
interest.  These  CD4+CD25+  T  cells  were  first  shown  by  Sak- 
aguchi  and  colleagues  to  control  autoreactive  T  cells  in  vivo  (7). 
Several  characteristics  of  these  cells  have  emerged  from  in  vitro 
studies  (reviewed  in  ref.  8)  resulting  in  the  notion  that  regulatory 
T  cells  are  anergic  in  terms  of  proliferation  and  suppress  other 
cells  by  direct  cell  contact,  which  requires  neither  IL-10  nor 
transforming  growth  factor-/3  and  which  results  in  the  inability  of 
suppressed  CD4+  T  cells  to  produce  IL-2  (9-11).  However,  it  is 
unclear  at  present  how  far  these  observations  in  vitro  are  in  fact 
a  reflection  of  the  properties  of  CD4+CD25  +  T  cells  in  vivo.  In 
some  experimental  systems  of  immune  regulation  by 
CD4+CD25+  T  cells  in  vivo ,  it  was  found  that  soluble  factors  such 
as  IL-4,  IL-10,  and  transforming  growth  factor-/3  do  contribute 
to  the  prevention  of  autoimmunity,  with  the  role  of  these  factors 
varying  between  different  models  (12-14).  Polyclonal 
CD25+CD4+  T  cells  proliferate  and  expand  when  they  are 
transferred  intorag-/_  or  IL-2  receptor  j3-deficient  mice  (15-17), 
indicating  that  their  anergic  state  can  be  reversed  under  certain 
nonphysiological  conditions.  Notably,  it  is  under  exactly  these 
lymphopenic  conditions  that  the  regulatory  function  of 
CD25+CD4+  T  cells  has  been  studied  in  the  majority  of  the 
currently  available  models,  at  least  suggesting  that  proliferation 
and  suppressive  function  by  regulatory  T  cells  may  not  be 
mutually  exclusive.  A  major  experimental  drawback  of  lym¬ 


phopenic  models  of  immune  regulation,  however,  is  that  they 
provide  no  information  on  antigen-induced  proliferation  as 
observed  in  nonlymphopenic  mice. 

The  present  study  was  initiated  to  establish  an  in  vivo  system 
of  antigen-specific  immune  regulation  that  is  as  physiological  as 
possible  to  characterize  the  behavior  of  CD25+CD4+  regulatory 
T  cells  at  relatively  low  frequency  in  the  context  of  an  unper¬ 
turbed  immune  system.  To  this  end,  TCR  transgenic 
CD25+CD4+  T  cells  were  adoptively  transferred  into  normal 
hosts  either  alone  or  in  combination  with  naive  CD4+25“  T  cells 
of  identical  antigen  specificity.  Immunization  with  cognate 
antigen  was  used  to  visualize  and  compare  the  behavior  of  the 
respective  populations  either  alone  or  in  combination. 

Materials  and  Methods 

Mice  and  Transgenic  Vectors.  BALB/c  Thy  1 .2  mice  were  purchased 
from  Taconic  Farms.  Other  strains  were  bred  in  the  animal 
facility  of  the  Dana-Farber  Cancer  Institute  under  specific 
pathogen-free  conditions. 

Phosphoglycerate  kinase-hemagglutinin  (pgk-HA )  mice  were 
generated  through  germ-line  cre-mediated  recombination  in 
mice  carrying  a pgk-lox{3-galu,x-HA  cassette  vector.  This  vector  was 
constructed  as  follows.  Lox  P  sites  were  introduced  5'  and  3'  of 
the  (3-gal  cDNA.  The  HA  cDNA  then  was  introduced  down¬ 
stream  of  the  3'  lox  P  site,  and  the  construct  was  cloned  into  a 
eukaryotic  expression  vector  driven  by  the  pgk  promoter.  Trans¬ 
genic  founders  (Fj  FVB  X  129)  were  backcrossed  to  BALB/c  for 
at  least  five  generations  before  being  crossed  to  TS4  ere  mice 
(18)  or  Whey  acidic  protein-cre  mice  (19)  that  had  been  back- 
crossed  to  BALB/c  for  at  least  four  generations.  Both  crosses 
unexpectedly  led  to  germ-line  recombination  of  the  transgene. 
Germ-line-recombined  mice  then  were  maintained  by  further 
backcrossing  of  pgk-HA  X  TCR-HA  double-transgenic  mice  to 
BALB/c  for  at  least  four  generations. 

Immunization.  Mice  were  immunized  s.c.  with  100  pg  of  peptide 
HA107-H9  emulsified  in  incomplete  Freund’s  adjuvant  (IFA, 
Sigma-Aldrich).  At  the  indicated  time  points  the  animals  were 
killed,  and  draining  (popliteal  and  inguinal)  and  distant  (mes¬ 
enteric)  lymph  nodes  were  harvested  for  analysis.  The  tumor  cell 
line  CT26  HA-EGFP  has  been  described  elsewhere  (20). 

Antibodies  and  Fluorescence-Activated  Cell  Sorter  Analysis.  Biotin- 
conjugated  mAbs  to  CD4  (H129.19)  and  Thyl.l  (HIS51),  phy- 
coerythrin-conjugated  mAbs  to  CD4  (GK1.5),  CD25  (PC61), 
IL-2  (JES6-5H4),  IL-10  (JES5-16E3),  IFN-y  (XMG.1.2),  tumor 
necrosis  factor  a  (MP6-XT22),  rat  IgGi  isotype  control  (R3-34), 
and  rat  IgG2b  isotype  control  (A95-1),  Cy-chrome-conjugated 
streptavidin,  mAbs  to  CD8  (53-6.7),  and  allophycocyanin- 
conjugated  mAbs  to  CD4  (RM4-5),  CD25  (PC61),  and  Thyl.2 


Abbreviations:  TCR.  T  cell  receptor;  pgk.  phosphoglycerate  kinase;  HA  hemagglutinin;  IFA 
incomplete  Freund's  adjuvant  CFSE,  5,6-carboxyfluorescein  diacetate-succinimidyl  ester. 
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(53-2.1)  were  purchased  from  Becton  Dickinson.  The  mAb  to  the 
TCR-HA  (6.5)  was  purified  and  conjugated  with  FITC  in  our  lab. 
Fc-receptor-blocking  mAb  2.4G2  was  used  as  culture  superna¬ 
tant.  Surface  stainings  were  performed  according  to  standard 
procedures  at  a  density  of  2-4  X  106  cells  per  50  p\,  and  volumes 
were  scaled  up  accordingly.  Flow-cytometric  analysis  was  per¬ 
formed  on  a  FACSCalibur  (Becton  Dickinson)  by  using 
CELLQUEST  software  (Becton  Dickinson). 

Intracellular  Cytokine  Staining.  Cells  from  the  draining  lymph  node 
of  immunized  animals  were  resuspended  at  a  density  of  2  X  106 
cells  per  ml  in  Iscove’s  modified  Dulbecco’s  medium  containing 
10%  FCS.  Cells  then  were  plated  in  6  ml  per  well  into  six-well 
culture  plates,  12  p\  of  leukocyte  activation  mixture  with  Gol- 
giPlug  (Becton  Dickinson)  containing  phorbol  12-myristate 
13-acetate,  ionomycin,  and  brefeldin  A  were  added,  and  cultures 
were  incubated  at  37°C  for  6  h.  Cells  were  harvested  and 
incubated  with  2.4G2  Fc-receptor-blocking  antibody  before  sur¬ 
face  staining.  Cells  then  were  fixed  with  Cytofix/Cytoperm 
buffer  (Becton  Dickinson)  for  20  min  at  room  temperature. 
Intracellular  cytokine  staining  was  performed  at  room  temper¬ 
ature  for  20  min  in  Perm/Wash  buffer  (Becton  Dickinson). 
Control  stainings  were  performed  with  a  mixture  of  phyco- 
erythrin-conjugated  isotype  controls. 


Fig.  1.  High  frequency  of  HA-specific  regulatory  CD4+CD25+  T  cells  in 
pgk-HA  x  TCR-HA  mice,  (a)  Expression  of  the  transgenic  TCR  (mAb  6.5)  versus 
CD25  on  gated  CD4  T  cells  from  lymph  nodes  of  TCR-HA  single-transgenic 
versus  pgk-HA  x  TCR-HA  double-transgenic  mice.  Numbers  in  the  dot  plots 
indicate  the  percentage  of  gated  cells  within  the  respective  quadrants,  (b) 
CD25+  CD4  T  cells  from  pgk-HA  x  TCR-HA  mice  were  anergic  and  suppressed 
the  proliferation  of  naive  CD4T  cells  from  TCR-HA  rag~f~  mice  in  vitro.  Sorted 
CD4+CD25+6.5+  cells  from  pgk-HA  x  TCR-HA  mice  and  naive  CD4+6.5  +  T  cells 
from  TCR-HA  rag~'~  mice  were  incubated  either  alone  or  together  (ratio  1:1) 
in  the  presence  of  BALB/c  splenocytes  and  HA-peptide  for  90  h.  Proliferation 
was  measured  as  incorporation  of  (3H]thymidine  (3H-Tdr)  added  for  the  last 
20  h. 


Purification  and  Adoptive  Transfer  of  Cells.  Pooled  cells  from  spleen 
and  peripheral  lymph  nodes  (mesenteric,  axillary,  brachial, 
popliteal,  inguinal,  and  cervical)  from  pgk-HA  X  TCR-HA  mice 
were  subjected  to  erythrocyte  lysis.  Cells  then  were  incubated 
with  Fc-receptor-blocking  antibody  2.4G2  and  stained  with 
anti-CD4  biotin.  After  incubation  with  streptavidin  microbeads 
(Miltenyi  Biotec,  Auburn,  CA),  CD4*  cells  were  positively 
selected  on  midi-MACS  columns,  routinely  achieving  purities 
>95%.  Cells  then  were  stained  with  streptavidin-Cy-chrome, 
anti-CD25  phycoerythrin,  and  FLUOS-labeled  6.5. 
CD4+CD25+6.5+  cells  were  sorted  by  using  a  MoFlow  cell  sorter 
(Cytomation,  Fort  Collins,  CO).  Naive  TCR-HA  CD4*  T  cells 
were  obtained  from  spleen  and  lymph  nodes  of  TCR-HA  rag_/“ 
mice  by  magnetic  enrichment  for  CD4  T  cells. 

Cells  were  injected  into  the  lateral  tail  vein  in  a  volume  of  200 
p\  of  PBS.  Where  indicated,  cells  were  labeled  with  5,6- 
carboxyfluorescein  diacetate-succinimidyl  ester  (CFSE)  (Mo¬ 
lecular  Probes)  by  incubation  for  10  min  at  37°C  in  10  pM  CFSE 
in  PBS/0.1%  BSA  at  a  density  of  1  X  107  cells  per  ml. 

Proliferation  Assays.  For  inhibition  assays,  2  X  104  sorted  or 
magnetically  enriched  CD25*  and/or  CD25“  CD4+6.5+  T  cells 
were  incubated  with  2  X  105  irradiated  (3,000  rad)  BALB/c 
splenocytes  in  the  presence  of  5  p.g/ml  HA107-119  peptide  in  200 
p\  of  Iscove’s  modified  Dulbecco’s  medium  supplemented  with 
10%  FCS  in  96-well  round-bottom  plates.  Where  indicated,  50 
units/ml  recombinant  IL-2  were  added  (Becton  Dickinson). 
Proliferation  was  measured  by  scintillation  counting  after  puls¬ 
ing  with  1  pCi  per  well  [3H]thymidine  (1  Ci  =  37  GBq)  for  the 
last  16-20  h  of  a  90-h  incubation  period. 

For  ex  vivo  proliferation  assays,  cells  from  draining  lymph 
nodes  were  cultured  for  72-90  h  in  triplicates  at  4  X  105  cells  per 
well  in  round-bottom  96-well  plates  in  serum-free  medium 
(HL-1,  BioWhittaker).  Proliferation  was  measured  as  incorpo¬ 
ration  of  [3H]thymidine,  which  was  added  for  the  last  18  h  of 
culture  (1  pCi  per  well). 

Results 

High  Frequency  of  Antigen-Specific  CD25+CD4+  Regulatory  T  Cells  in 
pgk-HA  x  TCR-HA  Mice.  Mice  expressing  influenza-H A  under  the 
control  of  the  ubiquitouspgA:  promoter,  in  the  following  referred 

to  as  pgk-HA  mice,  were  crossed  to  mice  expressing  a  transgenic 
TCR  ( TCR-HA )  specific  for  peptide  1 1 1-1 19  of  HA  (21).  Among 


lymph  node  cells  of  pgk-HA  X  TCR-HA  mice,  the  fraction  of 
CD4*  TCR-HA*  cells  was  reduced  by  a  factor  of  2  as  assessed 
by  staining  with  the  anti-clonotypic  antibody  6.5,  and  a  distinct 
population  of  6.5+CD25+  cells  that  could  not  be  detected  in 
TCR  single  transgenics  was  observed  (Fig.  la).  Sorted 
6.5*CD25*  cells  from  thymus  (Fig.  7,  which  is  published  as 
supporting  information  on  the  PNAS  web  site,  www.pnas.org)  or 
periphery  (Fig.  lb)  of  double-transgenic  mice  were  anergic  in 
vitro  and  suppressed  the  proliferation  of  naive  6.5+CD4*  T  cells 
in  standard  coculture  assays.  The  addition  of  IL-2  enabled 
proliferation  of  6.5+CD25*  cells  from  both  thymus  and  periph¬ 
ery  (data  not  shown).  Thymus  transplantation  revealed  that 
expression  of  HA  by  radioresistant  thymic  epithelium  was 
sufficient  to  mediate  the  selection  of  6.5+CD25*  cells  (data  not 
shown).  Thus,  by  these  criteria,  the  HA-specific  CD25*  cells 
were  equivalent  to  polyclonal  CD25*  suppressor  T  cells  from 
normal  mice. 

Suppression  of  Anti-HA  Responses  in  Vivo  After  Transfer  of  CD25* 
Regulatory  T  Cells.  6.5*CD25+  CD4  T  cells  from  pgk-HA  X 
TCR-HA  Thyl.2+  mice  were  transferred  into  Thyl.l+  hosts.  The 
frequency  of  donor-derived  cells  among  host  cells  was  similar 
when  equal  numbers  of  either  CD25*  cells  from  pgk-HA  X 
TCR-HA  mice  or  naive  6.5+CD25-  cells  from  TCR-HA  rag~'~ 
mice  were  transferred.  Fourteen  days  after  transfer,  most 
(>85%)  donor-derived  cells  still  expressed  the  CD25  marker, 
and  their  number  appeared  stable  within  this  time  frame  (data 
not  shown).  Reisolated  cells  were  still  anergic  and  suppressed 
naive  6.5*  CD4  T  cells  in  vitro  (Fig.  2  a  and  6),  indicating  that 
they  represented  a  lineage  rather  than  antigen-dependent  effec¬ 
tor  cells. 

We  next  asked  whether  transferred  6.5*CD25+  cells  could 
inhibit  the  response  of  endogenous  HA-specific  T  cells.  Recip¬ 
ients  of  3  X  105  6.5+CD25*  cells,  corresponding  to  a  frequency 
of  approximately  1  in  3,000  CD4*  T  cells,  or  noninjected  control 
mice  were  immunized  with  peptide  HA107-119  in  IFA.  Although 
draining  lymph  node  cells  from  control  animals  proliferated 
vigorously  when  restimulated  in  vitro ,  no  proliferation  was 
detected  with  cells  from  recipients  of  regulatory  T  cells  (Fig.  2c). 

The  colon  carcinoma  cell  line  CT26-HA,  which  stably  ex¬ 
presses  HA  (20),  was  used  to  test  whether  transferred 
6.5+CD25+  cells  influenced  the  growth  of  an  HA-expressing 


Fig.  2.  Transferred  CD4+CD25+6.5*  T  cells  retain  their  phenotypic  and  in 
vitro  regulatory  properties  in  the  absence  of  antigen  and  suppress  endoge¬ 
nous  anti-HA-specific  T  cells  after  immunization,  (a)  CD4+CD25+6.5+  T  cells 
(4  x  106)  from  Thy  1 .2+/+  pgk-HA  x  TCR-HA  mice  were  transferred  into  BALB/c 
Thy1.1+/+  mice.  Six  days  after  transfer,  the  recipients  were  killed.  Peripheral 
lymph  nodes  and  spleen  were  pooled  and  stained  for  CD4,  Thy  1 .2,  CD25,  and 
6.5.  The  frequency  of  donor-derived  cells  among  CD4  T  cells  is  shown  together 
with  the  sorting  gate  used  for  reisolation  of  cells.  {Right)  Purity  of  reisolated 
cells.  ( b )  Reisolated  Thy  1 .2+/+  cells  6  days  after  transfer  were  tested  for  their 
proliferative  response  after  stimulation  with  HA-peptide  and  their  suppres¬ 
sive  potential  when  cocultured  with  naive  cells  as  described  for  Fig.  1.  (c) 
Recipients  of  3  X  10s  CD4,CD25  6.5‘  T  cells  (dashed  lines)  or  untreated 
BALB/c  mice  (solid  lines)  were  immunized  with  HA-peptide  (100  p.g)  in  IFA. 
Eight  days  later,  draining  lymph  node  cells  were  harvested  and  stimulated 
in  vitro  with  titrated  amounts  of  HA-peptide  for  90  h.  Incorporation  of 
(3H]thymidine  (3H-Tdr)  within  the  last  20  h  was  measured.  The  graph  shows 
the  data  for  three  immunized  mice  of  each  group  representative  for  three 
independent  experiments. 


tumor  by  suppressing  the  antitumor  response.  Subcutaneous 
inoculation  of  normal  BALB/c  mice  with  CT26-H  A  leads  to  the 
induction  of  anti-HA  CD4  and  CD8  T  cell  responses  (20). 
Transfer  of  6.5+CD25  +  cells  allowed  for  accelerated  growth  of 
the  tumor  (Fig.  8,  which  is  published  as  supporting  information 
on  the  PNAS  web  site).  Furthermore,  although  in  tumor-bearing 
normal  mice  or  mice  that  had  received  naive  CD25-  6.5 +  CD4 
T  cells  a  strong  ex  vivo  proliferative  response  was  observed,  such 
a  recall  response  was  absent  with  cells  from  recipients  of  CD25+ 
6.5  +  T  cells  irrespective  of  whether  naive  cells  had  been  cotrans¬ 
ferred  (Fig.  8).  Thus,  transferred  CD25+  cells  had  potent 
suppressive  activity  in  vivo. 

Antigen-Driven  Expansion  of  CD25+CD4+  T  Cells  in  Vivo.  We  next 
aimed  to  visualize  and  compare  the  behavior  of  antigen-specific 
regulatory  and  naive  T  cells  after  immunization.  A  control  group 
received  3  X  105  6.5+CD25“  cells  only  and  was  immunized  the 
following  day.  On  day  8  after  immunization,  ^4%  of  draining 
lymph  node  CD4  T  cells  were  donor-derived,  and  the  majority 
of  these  cells  was  CD25-  (Fig.  3).  In  nondraining  lymphoid 
compartments,  <0.05%  of  CD4  T  cells  were  Thyl.2+,  similar  to 
the  values  observed  in  nonimmunized  recipients  (data  not 
shown).  Thus,  HA-specific  “naive”  T  cells  expectedly  increased 
^100-fold  in  the  antigen-exposed  lymph  node.  A  second  group 
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Fig.  3.  Accumulation  of  CD4+CD25+6.5+  T  cells  or  naive  CD4+CD25"6.5+  T 
cells  in  the  draining  lymph  nodes  after  immunization.  (a)Thy1.1+/+  recipients 
of  CD4+CD25+6.5+  T  cells,  CD4+CD25~6.5+  T  cells,  or  both  types  of  cells  were 
immunized  with  HA-peptide  as  described  for  Fig.  2.  Draining  lymph  node  cells 
were  harvested  on  day  8  after  immunization  and  stained  for  CD4,  Thy  1.2, 
CD25,  and  6.5.  {Left)  Numbers  in  the  dot  plots  indicate  the  percentage  of 
donor-derived  cells  among  CD4+  T  cells  (mean  of  four  animals).  {Right)  The  dot 
plots  show  the  expression  of  the  transgenic  TCR  (6.5)  versus  CD25  on  gated 
CD4+Thy1.2+  cells.  Numbers  within  the  dot  plots  indicate  the  percentage  of 
gated  cells  in  the  respective  quadrant  (mean  of  four  animals). 


of  animals  received  3  X  105  6.5+CD25+  cells  and  was  immunized 
and  analyzed  as  described  above.  Surprisingly,  we  found  a 
distribution  of  donor-derived  cells  in  these  animals  very  similar 
to  that  observed  in  recipients  of  naive  cells.  Approximately  3% 
of  CD4  T  cells  in  the  draining  lymph  nodes  were  donor-derived, 
whereas  in  distant  lymphoid  compartments,  <0.05%  of  CD4  T 
cells  were  Thy  1.2+  (data  not  shown).  Contrary  to  recipients  of 
naive  cells,  these  cells  mostly  expressed  the  CD25  marker  (Fig. 
3).  A  third  group  received  both  6.5+CD25+  and  naive 
6.5+CD25-  cells.  Eight  days  after  immunization  the  proportion 
of  donor-derived  cells  among  CD4  T  cells  in  the  draining  lymph 
node  was  again  «=*3%,  and  the  majority  of  these  cells  expressed 
high  levels  of  CD25,  as  was  observed  in  mice  that  had  received 
6.5+CD25+  cells  only  (Fig.  3). 

The  almost  identical  frequencies  of  donor-derived  cells  in  the 
draining  lymph  nodes  of  recipients  of  either  regulatory  or  naive 
T  cells  implied  a  similar  homing/expansion  pattern  of  both  cell 
types,  a  surprising  finding  considering  the  absence  of  an  in  vitro 
recall  response  in  recipients  of  CD25+  T  cells  (see  Fig.  2c).  To 
confirm  this  apparent  discrepancy,  we  restimulated  draining 
lymph  node  cells  from  the  three  groups  with  HA-peptide  in  vitro. 
Cells  from  recipients  of  naive  cells  showed  a  very  strong  re¬ 
sponse,  whereas  neither  recipients  of  6.5+CD25+  cells  alone  nor 
recipients  of  mixed  populations  displayed  any  antigen-specific  in 
vitro  proliferation  (data  not  shown). 

To  address  whether  antigen-driven  expansion  in  vivo  altered 
the  properties  of  6.5+CD25+  cells  in  vitro ,  we  sorted  these  cells 
from  draining  lymph  nodes  of  immunized  recipients  and  com¬ 
pared  them  with  6.5+CD25+  cells  taken  directly  from  pgk-HA  X 
TCR-HA  mice.  When  stimulated  in  vitro ,  both  populations  were 
completely  anergic  with  respect  to  proliferation,  and  provision  of 
IL-2  restored  some  proliferation  in  both  types  of  cultures,  yet  less 
efficiently  with  “expanded  regulators”  (data  not  shown).  When 
titrated  in  the  standard  coculture  assay,  expanded  regulators 
were  «*4-fold  more  efficient  suppressors  than  “nonexpanded 
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Fig.  4.  Proliferation  of  adoptively  transferred  CD4+CD25+6.5+  T  cells  or 
CD4+CD25~6.5+  T  cells  in  the  draining  lymph  nodes  after  immunization. 
CFSE-labeled  CD4+CD25+6.5+  T  cells  from  pgk-HA  X  TCR-HA  mice  (3  X  10s) 
{Left)  or  CFSE-labeled  naive  CD4+CD25"6.5+  T  cells  from  TCR-HA  rag''~  mice 
(3  x  105)were  transferred  into  BALB/c  Thy  1.1  mice.  Two  days  later,  recipients 
were  immunized  with  1 00  pg  of  HA-peptide  in  IFA.  Controls  were  immunized 
with  IFA  without  peptide.  Mice  were  killed  at  the  indicated  time  points  after 
immunization,  and  draining  lymph  node  cells  were  harvested  and  stained  for 
CD4,  Thy  1 .2,  and  CD25.  The  dot  plots  show  the  expression  of  CD25  versus  CFSE 
fluorescence  intensity  on  gated  donor-derived  cells  (CD4+Thy1.2+).  Num¬ 
bered  arrows  within  the  dot  plots  (66  h)  indicate  the  number  of  divisions  of 
CFSE-labeled  cells.  Note  that  all  dot  plots  (except  controls,  where  *-200  events 
are  shown)  show  800-1,000  CD4+Thy1.2+  events  and  thus  do  not  represent 
the  frequency  of  these  cells  among  host  CD4  T  cells.  {Right)  Representative 
analysis  of  a  cotransfer  of  3  x  105  CFSE-labeled  naive  CD4+CD25“6.5+  T  cells 
from  TCR-HA  rag~J~  mice  and  3  x  105  unlabeled  CD4+CD25+6.5+  T  cells  from 
pgk-HA  x  TCR-HA  mice  into  BALB/c  Thyl.1  recipients. 

regulators”  (Fig.  9,  which  is  published  as  supporting  information 
on  the  PNAS  web  site). 

CD25+  Regulatory  T  Cells  Do  Not  Affect  the  Initial  Expansion  of  Naive 
Cells  After  Immunization.  To  address  whether  the  accumulation  of 
6.5+CD25  +  cells  in  the  draining  lymph  nodes  was  a  result  of 
proliferation  rather  than  homing,  we  labeled  Thyl.2  6.5+CD25+ 
cells  with  CFSE  before  adoptive  transfer.  A  control  group 
received  CFSE-labeled  naive  6.5+CD25”  cells.  Animals  were 
immunized  as  described  before,  and  the  phenotype  of  donor- 
derived  cells  in  the  draining  lymph  nodes  was  followed  in  a 
kinetic  fashion  by  gating  on  CD4+Thyl.2+  cells.  As  early  as  66  h 
after  immunization,  the  majority  of  donor-derived  cells  in  the 
draining  lymph  nodes  of  both  groups  of  animals  had  cycled  more 
than  four  times  (Fig.  4).  The  progeny  of  6.5+CD25+  cells  had 
further  up-regulated  CD25,  and  CD25  was  also  expressed  by  the 
progeny  of  naive  cells  at  this  point  in  time,  as  expected.  Eighty 
hours  after  immunization,  cells  in  both  groups  of  animals  had 
undergone  further  divisions,  the  exact  numbers  of  division  no 
longer  being  discernable.  The  progeny  of  6.5+CD25+  as  well  as 
of  6.5+CD25-  cells  appeared  to  divide  in  a  “synchronized”  wave 
(Fig.  4),  probably  indicating  that  the  immunization  protocol 
induced  a  transient  window  of  productive  antigen  presentation 
in  the  draining  lymph  node.  Donor-derived  cells  in  the  draining 
lymph  nodes  of  both  types  of  recipients  had  lost  their  CFSE-label 
140  h  after  immunization.  The  progeny  of  6.5+CD25+  cells 
contained  cells  that  had  returned  to  initial  levels  of  CD25 
expression,  whereas  others  maintained  elevated  levels.  By  con¬ 
trast,  the  progeny  of  naive  CD25-  cells  had  mostly  lost  expres- 


Fig.  5.  Cytokine  production  of  transferred  CD4+CD25+6.5+  T  cells  or 
CD4+CD25“6.5+  T  cells,  (a)  Transferred  into  Thyl.2  recipients  were  3  X  105 
CD4+CD25+6.5+  T cells,  CD4+CD25~6.5+  T cells,  or  both.  Mice  were  immunized 
with  HA-peptide  in  IFA,  and  draining  lymph  node  cells  were  harvested  8  days 
after  immunization.  Cells  were  restimulated  in  vitro  with  phorbol  12- 
myristate  13-acetate/ionomycin  for  6  h  in  the  presence  of  brefeldin  A  before 
surface  staining  for  CD4  and  Thy  1 .2,  fixation,  and  intracellular  staining  for  the 
indicated  cytokine.  The  frequencies  of  cytokine-positive  cells  among  gated 
CD4+Thy  1 .2+  draining  lymph  node  cells  of  the  indicated  groups  of  animals  are 
shown  (for  original  data  see  Fig.  10). 

sion  of  CD25.  Both  findings  were  in  accord  with  our  previous 
observation  (compare  with  Fig.  3). 

We  next  performed  cotransfer  experiments  with  regulatory 
and  CFSE-labeled  naive  T  cells  (Fig.  4  Right).  No  major  differ¬ 
ence  in  the  early  (66-h)  pattern  of  division  was  observed  as 
compared  with  transfer  of  naive  cells  alone.  Later,  when  the 
CFSE  label  was  lost,  it  was  again  obvious  that  the  progeny  of 
regulatory  cells,  as  identified  by  the  CD25+  or  CD25  +  +  pheno¬ 
type,  represented  the  predominant  donor-derived  cell  type  in  the 
draining  lymph  node  (Fig.  4,  compare  with  Fig.  3). 

Inverse  Cytokine  Profile  of  Expanded  Regulators  and  Activated  Naive 
CD4  T  Cells.  The  production  of  cytokines  by  HA-specific  CD4  T 
cells  under  the  different  conditions  was  tested.  Three  groups  of 
Thyl.l  animals  were  injected  with  Thyl.2+6.5+CD25+  T  cells, 
Thyl.2+6.5+CD25~  naive  T  cells,  or  both,  and  animals  were 
immunized  as  described  before.  Eight  days  later,  cytokine 
production  by  donor-derived  cells  was  determined  after  brief 
restimulation  in  vitro.  In  recipients  of  6.5+CD25“  naive  cells 
only,  a  large  fraction  (>60%)  of  Thyl.2+  cells  produced  IL-2  and 
IFN-y,  whereas  among  the  progeny  of  6.5+CD25+  cells  (expand¬ 
ed  regulators)  only  few  cells  produced  either  cytokine  (Fig.  5  and 
Fig.  10,  which  is  published  as  supporting  information  on  the 
PNAS  web  site).  By  contrast,  a  high  proportion  of  cells  produced 
IL-10.  Among  cells  derived  from  mice  that  had  received  equal 
numbers  of  regulatory  and  naive  HA-specific  CD4  T  cells,  the 
cytokine  profile  closely  resembled  that  seen  in  recipients  of 
regulatory  T  cells  alone,  again  suggesting  that  the  regulatory  T 
cells  dominated  the  response  after  the  8-day  period. 

Regulatory  CD25+  T  Cells  Suppress  the  Late  Expansion  of  Naive  CD4 
T  Cells.  To  visualize  more  conclusively  the  influence  of  regulatory 
T  cells  on  naive  cells  at  different  phases,  we  adoptively  trans¬ 
ferred  CFSE-labeled  Thyl.l +6.5+CD25"  T  cells  into  Thyl.2 
recipients  that  had  either  received  Thyl.2+6.5+CD25+  regula¬ 
tory  T  cells  or  not.  Gating  on  Thy  1 . 1  +  CD4  T  cells  then  was  used 
to  analyze  the  expansion  of  the  naive  T  cells  after  immunization.  g 
The  initial  recruitment  of  cells  into  the  response,  their  prolif¬ 
eration  rate,  and  the  early  expansion  up  to  90  h  after  the 
immunization  were  almost  identical  in  both  groups  (Fig.  6  a  and 
h}  compare  with  Fig.  4)  At  90  h  after  immunization,  however,  a 
plateau  in  the  number  of  Thyl.l+  cells  among  CD4  T  cells  was  M83 
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Fig.  6.  Expansion,  CD25  expression,  and  cytokine  production  after  immuni¬ 
zation  of  adoptively  transferred  naive  CD4  +  CD25  6.5+  T  cells  in  the  presence 
or  absence  of  CD4+CD2546.5+  regulatory  T  cells.  CFSE-labeled  naive 
CD44CD256.5+  T  cells  (5  x  105)  sorted  from  Thyl.14  TCR-HA  mice  (rag+/+) 
were  adoptively  transferred  into  BALB/c  Thy  1.2  recipients  (Left)  or  B ALB/c 
Thy  1.2  recipients  that  had  in  addition  received  an  equal  number  of 
CD4+CD25+6.5+  T  cells  from  Thy1.2+  pgk-HA  x  TCR-HA  mice  (Right).  Mice 
were  immunized  as  described  before,  and  draining  lymph  node  cells  were 
harvested  at  the  indicated  time  points  after  immunization,  (a)  Expression  of 
CD25  versus  CFSE  fluorescence  intensity  on  gated  (CD4+Thy1.1 +)  progeny  of 
naive  CD4+CD25~6.5+  T  cells.  Numbers  within  the  upper  quadrants  indicate 
the  frequency  of  CD25+  cells  among  CD4+Thy1.1+  cells  (mean  of  four  per 
group).  Note  the  "smearing"  into  lower-division  numbers  in  the  presence  of 
regulatory  T cells  (Right),  (b)  Absolute  number  in  the  draining  lymph  nodes  of 
the  progeny  of  naive  CD4+CD25~6.54  T  cells  after  immunization  in  the  pres¬ 
ence  (filled  circles)  or  absence  (open  circles)  of  CD4+CD25+6.5+  regulatory  T 
cells  (mean  of  four  per  group).  The  number  at  0  h  (i.e.,  without  immunization) 
was  <0.1  x  10s.  (c)  Draining  lymph  node  cells  were  harvested  on  day  8  after 
immunization,  stimulated  in  vitro  with  phorbol  12-myristate  13-acetate/ 
ionomycin  for  6  h  in  the  presence  of  brefeldin  A,  and  stained  for  CD4,  Thy  1.1, 
and  the  respective  cytokine  as  indicated.  The  frequency  of  cytokine-producing 
cells  among  gated  Thyl  .1 4CD4+  T  cells  is  shown.  Gray  bars,  recipients  of  naive 
CD44CD25  6.5+  T  cells  alone;  black  bars,  recipients  of  naive  CD44CD25~6.54 
T cells  plus  CD4+CD25+6.5+  regulatory  T  cells  (mean  of  four  per  group).  TNFa, 
tumor  necrosis  factor  a. 


reached  in  animals  that  had  received  regulatory  T  cells  (Fig.  6b). 
In  contrast,  in  the  absence  of  regulatory  T  cells  the  progeny  of 
naive  cells  further  expanded.  Notably,  even  in  the  presence  of 
regulatory  T  cells  the  majority  of  Thyl.l+  cells  continued  to 
cycle  between  90  and  138  h  (Fig.  6a),  although  their  number  did 
not  increase  any  further.  Also,  in  the  presence  of  regulatory  T 
cells,  a  small  yet  distinct  fraction  of  cells  appeared  to  fall  behind 
the  bulk  of  dividing  cells,  discernable  as  a  “smear”  into  higher 
CFSE  intensities.  Interestingly,  at  all  time  points  analyzed,  the 
fraction  of  cells  among  the  progeny  of  naive  cells  expressing 
CD25  was  lower  in  the  presence  of  regulatory  T  cells  (Fig.  6a). 

We  determined  the  cytokine  production  8  days  after  immu¬ 
nization  by  Thyl.l+  CD4  T  cells  from  the  two  groups  of  mice, 
i.e.,  in  either  normally  expanded  or  “suppressed”  progeny  of 
naive  CD25-  cells  (Fig.  6c).  The  fraction  of  producers  of  IL-2, 
IL-10,  IFN-7,  or  tumor  necrosis  factor  a  was  not  affected 


significantly  by  suppression  of  their  expansion  through  the 
presence  of  regulatory  T  cells,  which  indicated  that  indeed 
dominant  expansion  of  regulatory  T  cells  rather  than  “immune 
deviation”  was  the  explanation  for  the  observations  depicted  in 
Fig.  5. 

Discussion 

Most  of  our  current  understanding  of  the  biology  of  suppressor 
T  cells  is  derived  from  lymphopenic  in  vivo  models  or  has  been 
derived  from  the  standard  in  vitro  assay.  Both  types  of  systems 
have  inherent  limitations  because  of  the  abnormal  behavior  of 
lymphocytes  in  a  lymphopenic  environment  (sometimes  incor¬ 
rectly  referred  to  as  homeostatic  proliferation)  and  the  ques¬ 
tionable  significance  of  in  vitro  observations  in  general.  Our  aim 
was  to  establish  a  model  in  which  the  behavior  of  antigen-specific 
CD4+CD25+  regulatory  T  cells  and  their  influence  on  naive  T 
cells  after  antigenic  stimulation  could  be  visualized  in  vivo  in  the 
context  of  an  unperturbed  immune  system. 

Within  the  time  frame  analyzed,  the  phenotype  and  function 
of  6.5+CD25+CD4+  T  cells  was  stable  after  transfer  into  an 
antigen-free  host.  After  immunization,  6.5+CD4+CD25+  T 
cells,  despite  their  anergy  in  vitro ,  accumulated  in  the  draining 
lymph  nodes  very  much  like  naive  T  cells.  CFSE  labeling 
demonstrated  that  this  accumulation  was  due  to  proliferation 
rather  than  preferential  retention  at  the  antigen-exposed  site. 
These  data  are  different  from  observations  made  with  CD25  + 
and  CD25-  regulatory  T  cells  from  mice  that  express  high  levels 
of  antigen  on  hematopoietic  cells  (6),  where  persistent  exposure 
to  antigen  may  render  regulatory  T  cells  incapable  of  in  vivo 
proliferation. 

When  reisolated,  expanded  regulators  were  anergic  and  ex¬ 
hibited  an  enhanced  suppressive  capacity  in  vitro ,  reminiscent  of 
data  showing  that  polyclonal  CD4+CD25+  T  cells  after  IL-2- 
mediated  expansion  in  vitro  displayed  an  augmented  suppressive 
potency  (22,  23).  Along  the  same  line,  it  had  been  shown  that, 
after  transfer  into  IL-2  receptor  p~!~  mice  (16)  or  rag'1'  mice 
(17),  polyclonal  CD4+CD25+  T  cells  expand  in  vivo  and  retain 
their  in  vitro  suppressive  properties.  In  the  latter  studies,  how¬ 
ever,  it  was  not  clear  whether  expansion  was  driven  by  homeo¬ 
static  rather  than  antigen-specific  mechanisms. 

Can  our  observations  in  vivo  be  reconciled  with  current 
hypotheses  on  the  action  of  regulatory  T  cells  based  on  in  vitro 
data?  Generally  accepted  hallmarks  of  inhibition  by 
CD4+CD25+  T  cells  in  vitro  are  that  (i)  these  cells  are  anergic, 
(«i)  anergy  and  suppression  can  be  broken  by  the  addition  of  high 
amounts  of  exogenous  IL-2,  and  (iii)  inhibition  is  contact- 
dependent  (reviewed  in  refs.  3  and  8).  We  consider  it  likely  that 
a  yet-to-be-defined  milieu  in  vivo,  only  one  component  of  which 
may  or  may  not  be  IL-2,  would  allow  for  the  antigen-driven 
proliferation  of  CD4+CD25+  T  cells.  It  is  not  clear  at  present 
whether  similarly  high  quantities  of  IL-2  as  used  in  vitro  are 
available  in  particular  microenvironments  in  vivo.  The  cotransfer 
data  presented  here  indicate  a  somewhat  unexpected  dynamics 
of  suppression  in  vivo  in  that  the  regulators  “outgrew”  the 
progeny  of  CD25-  cells,  which  demonstrates  that  proliferation 
and  suppressive  function  of  regulatory  T  cells  are  not  mutually 
exclusive  in  vivo. 

It  has  been  suggested  that  immune  regulation  may  act  at  least 
in  part  through  competition  for  growth  factors  and  space  (24, 
25).  CD25+  regulatory  T  cells,  which  produce  IL-2  only  poorly 
or  not  at  all,  may  use  IL-2  and  other  growth  factors  produced  by 
neighboring  cells  for  their  own  expansion  and  thus  deplete  these 
factors  in  the  local  microenvironment.  We  found  that  during 
their  expansion,  6.5+CD4+CD25+  T  cells  further  up-regulated 
CD25,  which  should  allow  for  a  very  efficient  consumption  of 
IL-2.  By  contrast,  the  presence  of  regulatory  T  cells  negatively 
affected  CD25  expression  on  progeny  of  naive  T  cells  This 
reduction  in  CD25  expression  may  indicate  IL-2  “starvation,” 
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Abstract 

Background  Genetic  modification  of  embryonic  stem  (ES)  cells  represents 
a  powerful  tool  for  transgenic  and  developmental  experiments.  We  report 
that  retroviral  constructs  based  on  murine  embryonal  stem  cell  virus  (MESV) 
can  efficiently  deliver  and  express  Cre  recombinase  or  a  post-translationally 
inducible  Cre-Progesterone  receptor  (Cre.PR)  fusion  in  mouse  fibroblasts  and 
ES  cells. 

Methods  To  study  the  vectors  a  sensitive  reporter  cell  line,  3TZ,  was  derived 
from  the  murine  3T6  fibroblast  line  that  expresses  ^-galactosidase  only  upon 
Cre-mediated  recombination.  This  was  used  together  with  the  ROSA26-R  ES 
cell  Cre-reporter  system  or  unmodified  mouse  ES  cells  as  targets  of  infection. 
Efficiency  of  gene  transfer  was  evaluated  immunohistochemically  by  the  use 
of  an  anti-Cre  polyclonal  antibody,  and  by  monitoring  the  expression  of 
/3-galactosidase. 

Results  Infection  of  the  3TZ  cells  with  high  titer  71 8C  or  719CP  virus 
revealed  efficient  gene  transduction  of  constitutive  or  hormone-inducible 
recombinase  activity,  respectively.  The  vectors  efficiendy  transduced  murine 
ES  cells  with  Cre,  Cre-PR  (fusion  of  Cre  and  progesterone  receptor)  or  p- 
galactosidase.  Cre-mediated  recombination  in  more  than  60%  of  ROSA26-R 
ES  cells  was  achieved  when  infected  by  a  VSV-G-pseudotyped  MESV  retrovirus 
at  MOI  of  50. 

Conclusions  The  MESV-based  retroviral  systems,  when  combined  with 
hormone  inducible  Cre,  represent  efficient  tools  for  the  transfer  of  Cre 
activity  in  ES  cells.  Copyright  ©  2004  John  Wiley  &  Sons,  Ltd. 

Keywords  gene  transfer;  ES  cells;  MESV  retroviral  vectors;  adenoviral  vectors; 
Cre  recombinase;  Cre.PR  fusion 
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Vectors  based  on  adenoviruses  or  retroviruses  remain  the  vectors  of  choice 
for  gene  transfer  [1,2],  with  MoMuLV-based  vectors  constituting  the  major¬ 
ity  of  viral  constructs  used  in  gene  therapy  protocols  up  to  now  [3].  Such 
vectors  are  often  poor  in  transduction  of  and  expression  in  stem  cells,  as 
well  as  in  early  embryos  [4-7].  In  contrast  to  MoMuLV,  the  artificial  murine 
embryonal  stem  cell  (MESV)  retrovirus  can  escape  transcriptional  blocks  in 
undifferentiated  cells  [4-10].  One  of  the  most  undifferentiated  experimen¬ 
tal  tools  is  represented  by  the  totipotent,  mouse  blastocyst-derived,  embryonal 
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stem  (ES)  cells  [11].  Viral  gene  delivery  to  ES  cells  has 
been  a  great  challenge  because  of  poor  infection  and 
poor  gene  expression  [5].  However,  MESV-  and  HIV 
(lentiviral) -based  vectors  have  been  recendy  used  for 
transfer  of  reporter  protein  encoding  genes  into  ES  cells 
with  good  results  [12-14]. 

Genetic  manipulation  of  stem  cells  represents  an 
important  tool  in  research,  as  well  as  in  clinical  ex  vivo 
gene  therapy.  In  combination  with  ES  cells,  the  Cre/loxP 
system  has  provided  a  useful  tool  for  precise  genomic 
modifications  in  transgenic  animals,  allowing  for  targeted 
gene  activation  and/or  inactivation  strategies  [15,16]. 
Regulation  of  Cre  recombinase  has  been  recently  achieved 
by  fusing  Cre  to  modified  hormone-binding  domains 
(HBD)  of  steroid  receptors  [17-20].  In  particular, 
progesterone,  estrogen  or  glucocorticoid  receptor  HBDs 
containing  mutations  or  deletions  that  allow  the  binding 
of  synthetic  hormone  analogues  to  the  HBDs,  but  not  of 
the  native  hormones  themselves,  have  been  fused  to  Cre 
recombinase  and  used  in  numerous  in  vivo  applications 
[21-23]. 

Several  recent  reports  have  documented  the  possibility 
of  genetic  modification  of  ES  cells  with  viral  vectors 
[8-10,12-14,24-26].  Gene  transduction  efficiencies 
have  been  assessed  through  monitoring  of  the  expression 
of  reporter  systems  or  genes  conferring  antibiotic 
resistance  (e.g.  green  fluorescent  protein,  neomycin 
phosphotransferase  II  gene,  etc.),  indicating  in  some 
instances  unpredictable  stability  of  gene  expression 
upon  differentiation  of  the  cells  [9,10,12-14].  Limited 
quantitative  information  is  available  on  the  efficiencies 
of  gene  transduction,  and  of  comparison  of  retroviral 
versus  adenoviral  gene  transfer.  Perhaps  one  of  the  most 
promising  aspects  of  viral  modification  of  ES  cells  is  the 
use  of  targeted  recombination,  which  is  a  permanent  and 
irreversible  genetic  modification. 

Retroviral  delivery  and  expression  of  hormone- 
inducible  Cre  in  stem  cells  provide  a  powerful  experi¬ 
mental  tool.  Accordingly,  we  have  generated  MESV-based 
vectors  expressing  Cre,  or  Cre.PR,  together  with  a  sensi¬ 
tive  Cre-specific  read-out  system  (3TZ  murine  fibroblasts), 
that  allows  the  precise  titration  of  Cre-expressing  vec¬ 
tors.  We  have  conducted  a  quantitative  analysis  of  the 
ES-specific  gene  transfer  by  these  vectors  into  mouse 
fibroblasts,  as  well  as  into  ES  cells,  and,  by  comparing 
with  representative  MoMuLV  or  adenoviral  vectors,  we 
have  documented  the  suitability  of  the  MESV-based  retro¬ 
viruses  in  transducing  and  expressing  in  ES  cells.  Finally, 
we  were  able  to  achieve  high  recombination  rates  with 
these  retroviruses  in  a  functional,  ES-based,  Cre  assay 
system. 

Materials  and  methods 

Cell  lines 

The  amphotropic  retroviral  packaging  cell  line  PhoenixA31 
(<t>NX-Ampho;  SBR-423)  was  kindly  provided  by  Dr 


G.  Nolan  (Stanford,  USA).  The  ecotropic  retroviral 
packaging  cell  line  TE-FLY-E  was  based  on  the  human 
rhabdomyosarcoma-derived  TE671  cells,  as  previously 
described  [27].  The  cell  lines  mentioned  above,  the 
human  embryonic  kidney-derived  293  cells,  the  Swiss  3T6 
mouse  fibroblast  cell  line,  as  well  as  their  derived  clones, 
were  grown  in  Dulbecco’s  modified  Eagle’s  medium 
(DMEM)  supplemented  with  10%  (v/v)  fetal  calf  serum 
(FCS).  ROSA26-R  ES  cells  (a  kind  gift  from  Dr  P.  Soriano 
[28])  and  the  HM-1  mouse  embryonic  stem  cell  line  [29], 
kindly  provided  by  Dr  T.  Magin,  were  maintained  on 
mouse  embryonic  fibroblasts  as  a  feeder  layer,  in  BHK- 
21  medium,  supplemented  with  15%  (v/v)  FCS,  1  mM 
sodium  pyruvate,  0.1  mM  2-mercaptoethanol,  0.1  mM 
NEAA,  as  well  as  1000  U/ml  leukemia  inhibitory  factor 
(LIF,  Gibco)  to  maintain  the  undifferentiated  phenotype. 
Feeder  cells  were  prepared  from  12- 14-day-old  C57B16 
embryos.  Growth  arrest  was  achieved  by  culturing  the 
cells  in  the  presence  of  10  |ig/ml  mitomycin  C  for  3  h. 

Retro-  and  adenoviruses 

Plasmids 

All  retroviral  vectors  constructed  were  based  on  the 
chimeric  vector  p50M  [7,9].  For  the  construction  of  the 
p718C  vector,  a  1.1 -kb  Xbal  (blunted) -EcoRI  fragment 
containing  the  Cre  recombinase  gene  fused  with  a  nuclear 
localization  signal  [30]  (NLS-Cre)  was  cloned  into  the 
XhoI(blunted)-EcoRI  sites  of  the  parental  vector.  p719CP 
vector  was  constructed  by  insertion  of  a  1.9-kb  Xhol-Bgl 
II  fragment  from  plasmid  pBSMcCrePR  [18],  containing 
the  NLS-Cre.PR  sequence,  in  the  XhoI-BamHI  sites  of  the 
parental  vector.  pBSMcCrePR  contains  an  inducible  fusion 
between  the  Cre  gene  and  a  mutated  form  (hPR891)  of 
the  hormone-binding  domain  (HBD;  aa  641-891)  of  the 
human  progesterone  receptor  which  lacks  42  amino  acids 
from  its  C-terminus.  This  deletion  renders  PR  unable  to 
bind  and  respond  to  progesterone,  yet  it  is  still  able 
to  bind  and  respond  to  the  synthetic  steroid  RU486  [18]. 
p796L  vector  was  constructed  by  inserting  a  3.3-kb  BamHI 
fragment  containing  the  nls-lacZ  sequences  in  the  BamHI 
site  of  the  parental  vector. 

The  BAG  vector  expresses  ^-galactosidase  in  the 
MoMuLV  context  [31].  H5.010CMVlacZ,  an  El-deleted 
Ad5  adenovirus  expressing  nuclear  lacZ  under  the  CMV 
promoter,  was  kindly  provided  by  Dr  Karin  Jooss  [32] . 

Packaging 

For  the  packaging  of  the  retroviruses  we  used  the 
ecotropic  TE-FLY-E  packaging  cell  line,  the  amphotropic 
Phoenix  A  packaging  cell  line  and  the  VSV-G  pseudotyping 
system  [27,33,34]. 

For  the  generation  of  ecotropic  Cre-expressing  viruses, 
TE-FLY-E  cells  were  plated  in  60-mm  dishes  at  7  x 
103  cells/cm2  and  transfected  by  the  calcium  phosphate 
method  [35]  using  7  pg  of  the  viral  vector  plasmid 
together  with  1  pg  of  the  pSV2-neo  plasmid  (Stratagene) 
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carrying  the  neomycin  phosphotransferase  II  gene. 
Neomycin-resistant  colonies  were  selected  against  G418 
(800  pg/ml)  and  further  expanded. 

Positive  clones  were  further  checked  for  Cre  expression 
by  hybridization  of  viral  RNA,  isolated  from  supernatants 
of  the  clones,  with  a  Cre-specific  probe.  Briefly,  2  ml 
medium  without  G418,  conditioned  for  48  h  with 
subconfluent  cultures  of  each  individual  clone  grown  in 
25-cm2  flasks,  were  collected,  filtered  through  a  45-pm 
filter,  incubated  for  30  min  at  37  °C  in  10  mM  EDTA,  100 
pg/ml  proteinase  K,  0.5%  (w/v)  SDS,  acid  phenol  and 
chloroform  extracted  and  ethanol  precipitated  together 
with  5  pg  tRNA  as  carrier.  RNA  was  resuspended  in 
50  pi  TE  buffer,  75  pi  formamide  and  25  pi  formaldehyde 
(37%,  v/v)  were  added,  and  samples  were  incubated  for 
10  min  at  60 °C.  The  RNA  was  then  diluted  in  lOx  SSC, 
applied  in  1 : 3  serial  dilutions  to  a  dot  blot  apparatus 
on  nitrocellulose  membrane  and  hybridized  with  a  Cre- 
specific  probe  according  to  Church  and  Gilbert  [36]. 

The  viral  supernatants  were  in  parallel  subjected  to 
titration  of  their  infectious  activity  using  the  especially 
developed  Cre-activity  read-out  system  of  3TZ  fibroblasts. 
Cre  producer  clones  revealed  by  both  methods  are 
further  referred  to  as  TEC  cells  (for  TE-FLY-E  generated, 
MESV-based,  Cre-expressing  retrovirus).  Best  clones  (e.g. 
TEC3)  were  further  expanded  and  viral  supernatants 
were  collected  from  confluent  cultures,  titrated  and  used 
throughout  this  study. 

Alternatively,  TE-FLY-E  cells  were  plated  at  100,  10 
or  1  cells/well  in  48-well  plates  and  infected  with 
cmphotropic  virus  containing  supernatant  produced  by 
transient  transfection  of  PhoenixA  with  p796L  vector 
plasmid  as  described  below.  The  titers  of  the  emerging 
clones  were  estimated  using  3T6  cells  as  read-out  system 
and  lacZ  producers  are  further  referred  to  as  TEZ  clones 
(for  TE-FLY-E  generated,  MESV-based,  LacZ-expressing 
retrovirus),  unless  specified  otherwise. 

The  amphotropic  viruses  were  produced  by  transiently 
transfecting  10  pg  of  each  plasmid  into  Phoenix  A  cells 
plated  in  60-mm  dishes  at  7  x  104  cells/cm2  by  the 
chloroquine/calcium  phosphate  method,  as  described 
[37].  Fresh  medium  (3  ml)  was  added  1  day  post¬ 
transfection  and  collected  48  h  later.  Supernatants  were 
filtered  through  a  45-pm  filter  and  titers  were  estimated 
using  the  3TZ  read-out  system  (see  below). 

For  the  VSV-G  pseudotyping,  293  cells  were  transiendy 
transfected  as  described  above  with  the  pMD.gagpol  and 
the  pMDtet.G  plasmids  (expressing  the  MoMuLV  gag-pol 
and  the  VSV-G  protein,  respectively,  both  kind  gifts  of 
Dr  R.  Mulligan  [34])  together  with  the  retroviral  vector. 
Supernatants  were  collected  48  h  later  and  were  further 
handled  as  described  [38]. 

Viral  infection 

3T6  or  3TZ  cells  were  plated  at  1.0  x  104  cells/cm2; 
HM1  ES  cells  were  plated  at  0.35-1.0  x  105  cells/cm2  on 
feeder  cells  (1.0  x  105  feeder  cells/cm2)  in  6-  or  24-well 
plates.  Cells  were  infected  the  next  day  in  the  presence  of 


8  pg/ml  polybrene  with  serial  dilutions  of  the  respective 
viral  supernatants,  representing  thus  different  multiplicity 
of  infection  (MOI)  ratios,  calculated  against  cell  numbers 
at  the  time  of  infection.  Then,  12-16  h  later,  medium 
was  changed  and  Cre  or  ^-galactosidase  expression  was 
detected  2  days  later  by  either  X-Gal  staining  or  staining 
with  an  anti-Cre  antibody  (see  below).  Viral  titers  (IU/ml; 
infectious  units  contained  per  ml  of  supernatant)  were 
calculated  by  multiplying  the  numbers  of  transduced 
cells  by  the  dilution  factor  of  the  supernatant.  For  the 
719CP  virus  the  term  ‘Cre-active  particles’  was  used, 
taking  into  account  that  the  numbers  of  cells  expressing 
Cre  activity  in  the  absence  of  RU486  do  not  reflect 
the  actual  transduction  efficiency  seen  in  the  presence 
of  the  hormone  analogue,  but  rather  the  fraction  of 
cells  transduced  with  a  leaky  transgene.  For  adenoviral 
infections  an  identical  infection  protocol  was  followed, 
including  the  presence  of  polybrene,  which  has  been 
shown  to  facilitate  adenovirus-mediated  gene  transfer  in 
various  cell  lines  [39]. 

Transfection 

3TZ  cells  were  plated  at  1.0  x  104  cells/cm2  in  6-well 
plates.  The  next  day,  the  cells  were  transfected  with  5  pg 
of  p718C  or  p719CP  plasmid  DNA  using  the  calcium 
phosphate  method  [35].  Twenty-four  hours  later,  cells 
were  washed  with  PBS,  incubated  for  10  min  at  37  °C 
with  HBSS  solution  (Gibco)  and  further  incubated  with 
normal  growth  medium  with  or  without  0.1  pM  RU486 
(Sigma,  St.  Louis,  WI,  USA).  Forty-eight  hours  later,  cells 
were  fixed  and  stained  with  X-Gal  for  detection  of  0- 
galactosidase  activity  (see  below). 

Generation  of  a  Cre  activity  reporter 
system 

For  the  generation  of  the  3TZ  Cre  activity  read-out  system, 
107  mouse  3T6  fibroblasts  were  suspended  in  0.8  ml  PBS 
and  electroporated  (BioRad  gene  pulser;  960  pF,  300  V) 
with  4pg  of  the  Notl-linearized  pV^-galox£  plasmid, 
which  expresses  ^-galactosidase  only  after  Cre-mediated 
recombination  [18]  (see  Figure  IB).  Stable  clones  were 
selected  against  G418  (800  pg/ml)  and  further  expanded. 
Positive  clones  were  plated  in  duplicates  in  24-well  plates 
at  2  x  104  cells/well  and  infected  with  Cre-expressing 
retroviral  particles  at  MOI  of  10  or  left  untreated. 
Forty-eight  hours  after  infection,  cells  were  fixed  and 
stained  with  X-Gal.  Only  clones  with  the  absence  of 
any  ^-galactosidase  activity  in  the  untreated  cultures 
and  100%  blue-stained  cells  in  the  infected  ones  were 
further  processed  for  Southern  analysis  (EcoRI  digestion) 
performed  by  standard  procedures. 

Detection  of  Cre  expression  with 
anti-Cre  antibody 

Cells  were  plated  on  coverslips  at  60-80%  confluency. 
On  the  next  day  they  were  washed  twice  with  PBS,  fixed 
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Figure  1.  Generation  of  retroviral  vectors  expressing  Cre  recombinase.  (A)  Chimeric  retroviral  vectors  expressing  constitutive 
(p718C)  or  RU486-inducible  (p719CP)  Cre  recombinase;  pbs:  primer  binding  site  (here:  MESV  pbs  for  tRNA**u);  d.r.:  direct  repeat; 
U3,  R,  U5:  regulatory  elements  of  MoMuLV-based  LTRs.  The  5'  LTR,  containing  one  characteristic  direct  repeat  sequence  in  the 
U3  region,  is  from  PCMV  whereas  the  3'  LTR,  containing  two  direct  repeats,  is  from  MPSV.  The  vectors  are  depicted  before 
integration.  (B)  Schematic  representation  of  the  construct  used  for  the  generation  of  the  Cre-specific  read-out  system:  Nuclear  lacZ 
is  expressed  under  HSV-tk  promoter  and  SV40  enhancer  elements  only  after  a  Cre- media  ted  loxP  recombination  event,  which  leads 
to  the  excision  of  the  neoR  unit.  neoR:  neomycin  phosphotransferase  II  gene;  PGK:  phosphoglycerate  kinase  promoter;  pA:  SV40 
polyadenylation  signal.  (C)  Southern  analysis  of  3TZ  clones:  3T6  cells  were  stably  transfected  with  the  Cre-reporter  construct  of  (B). 
DNA  from  individual,  G418-resistant  clones  (3TZ  cells)  were  digested  with  EcoRI,  and  further  subjected  to  Southern  analysis  using 
a  lacZ-specific  probe,  to  test  for  the  integrity  of  the  reporter  construct,  m:  molecular  weight  marker  in  kb.  (D)  Packaging  of  the 
Cre  retrovirus:  dot  blot  of  viral  RNA  (1 :  3  serial  dilutions)  isolated  from  the  supernatants  of  nine  individual  clones  (3,  8,  9,  10,  13, 
15,  17,  18  and  19)  of  TE-FLY-E  packaging  cells  stably  transfected  with  p718C.  RNA  was  immobilized  on  nitrocellulose  membrane 
and  hybridized  to  a  32P-labelled  Cre-specific  probe.  The  titers  in  IU/ml  were  estimated  using  the  Cre-specific  3TZ  read-out  system. 
(E)  Cre-reporter  functional  assay:  non-treated  (left)  or  virus-infected  (right)  3TZ  43  cells  were  fixed,  stained  overnight  with  X-Gal 
(1  mg/ml)  staining  solution  and  photographed.  100%  of  the  cells  of  the  clone  3TZ  43  express  /9-galactosidase  in  the  nucleus  after 
infection  with  Cre  retrovirus  at  MOI 10,  whereas  the  non-treated  ones  show  absolutely  no  background.  Original  magnification  x50 


for  10-15  min  at  room  temperature  (RT)  with  3.7% 
(v/v)  formaldehyde  in  PBS,  washed  three  times  with  PBS, 
incubated  for  5  min  at  RT  with  blocking  buffer  (250  mM 
KCl,  40  mM  Hepes  pH  7.9,  0.5%  (w/v)  BSA,  0.5%  (v/v) 
gold  fish  gelatin,  0.1%  (v/v)  Triton  X-100),  incubated  for 
45  min  at  RT  with  1 : 2000  dilution  of  a  rabbit  anti-Cre 
polyclonal  antibody  (PRB-106C;  Covance,  Princeton,  NJ, 


USA)  in  blocking  buffer,  washed  three  times  in  blocking 
buffer,  incubated  for  45  min  at  RT  with  1:100  dilution 
of  phycoerythrin-labelled  goat  anti-rabbit  IgG  (GAR-PE, 
stock  1  mg/ml;  Molecular  Probes)  in  blocking  buffer, 
washed  three  times  in  blocking  buffer,  once  in  PBS, 
incubated  for  5  min  with  4,6-diamidino-2-phenylindole 
(DAPI)  in  PBS,  washed  three  times  in  PBS  and  placed 
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on  microscope  slides  with  a  drop  of  mounting  medium 
(Immuno  Fluore;  ICN).  Fluorescence  was  detected  using 
a  Leitz  DMRB  fluorescence  microscope. 

Detection  of  /?-galactosidase-induced 
expression  with  X-Gal  staining 

Cultures  were  washed  with  PBS,  fixed  for  10  min  with 
3.5%  (v/v)  formaldehyde,  0.5%  (v/v)  glutaraldehyde, 
washed  twice  with  PBS  and  stained  from  4  h  to 
overnight  in  X-Gal  staining  solution  (2  mM  MgCl2;  5  mM 
K3Fe(CN)6;  5  mM  K4Fe(CN)6;  0.01%  (w/v)  sodium 
deoxycholate;  0.02%  (v/v)  Nonidet  P-40;  1  mg/ ml  X- 
Gal).  Cells  expressing  ^-galactosidase  were  counted  under 
a  Leica  DM  IL  light  microscope. 


Results 

MESV-based  retroviral  vectors  for  Cre 
delivery  and  3TZ  read-out  system  for 
Cre  activity 

For  the  present  study  we  constructed  retroviral  vectors 
based  on  the  p50M  chimeric  vector  of  the  MESV  type, 
which,  in  contrast  to  its  prototype  MoMuLV,  has  been 
reported  to  express  in  undifferentiated  cells  [5,7-9]. 
Expression  of  this  vector  in  ES  cells  benefits  from  the 
use  of  LTR  sequences  from  MoMuLV  derivatives,  namely 
the  myeloproliferative  sarcoma  virus  (MPSV;  at  the  3' 
LTR)  and  the  PCC4-cell-passaged  MPSV  (PCMV;  at  the 
5'  LTR,  Figure  1A),  as  well  as  from  the  replacement  of 
its  natural  tRNA  binding  site  (pbs)  by  the  one  of  the 
endogenous  murine  dl-587rev  retrovirus  [7-9]. 

Two  types  of  vectors  were  generated  using  the 
p50M  backbone  (Figure  1A):  (a)  p718C:  encoding  the 
Cre  recombinase  gene,  and  (b)  p719CP:  encoding  an 
inducible  fusion  between  the  Cre  gene  and  a  mutated  form 
of  the  hormone-binding  domain  (HBD;  aa  641-891)  of 
the  human  progesterone  receptor  (Cre.PR).  In  the  absence 
of  ligand,  Cre  is  inactive  within  the  Cre.PR,  due  to  the 
interaction  of  the  HBD  moiety  with  the  steroid  receptors 
regulatory  system,  whereas,  upon  RU486  binding,  it 
passes  to  the  active  state. 

Viral  particles  were  generated  from  stable  co¬ 
transfection  of  TE-FLY-E  ecotropic  packaging  cells  with 
vector  and  a  plasmid  conferring  neomycin  resistance, 
as  well  as  transient  transfection  of  the  PhoenixA 
amphotropic  packaging  cell  line.  12  out  of  20  p718C 
transfected,  neomycin-resistant  clones  produced  retro¬ 
viral  particles  containing  the  Cre  gene  (Figure  ID 
and  data  not  shown).  Comparable  viral  titers  were 
obtained  by  transfecting  the  p719CP  or  p718C  con¬ 
struct  in  the  PhoenixA  amphotropic  packaging  cell  line 
(4.1  x  10s  IU/ml;  Figure  2B). 

To  titrate  the  supernatants  for  delivery  of  Cre  activity, 
the  3T6  murine  fibroblast  cell  line  was  transfected  with  a 
Cre-dependent  ^-galactosidase  expression  cassette  (3TZ 


PHA/7I8C 


PHA/7I9CP 


Figure  2.  Inducibility  of  Cre.PR  in  the  retroviral  context. 
(A)  Transfection.  3TZ  cells  were  transfected  with  either  p718C 
or  p719CP  using  the  calcium  phosphate  method.  Cultures  were 
further  grown  in  the  presence  or  absence  of  0.1  pM  RU486. 
Forty-eight  hours  later  the  percentages  of  total  cell  population 
which  expressed  /3-galactosidase  were  calculated.  Mean  of  two 
representative  experiments.  Grey  bars:  0.1  pM  RU486.  Black 
bars:  no  hormone  added.  (B)  Infection.  3TZ  cells  were  infected 
in  the  presence  of  8  pg/ml  polybrene  with  supernatants  from 
PhoenixA  cells  previously  transfected  with  either  p718C  or 
p719CP.  Cul hires  were  grown  for  48  h  in  the  presence  or 
absence  of  0.1  pM  RU486.  Apparent  titers  in  IU/ml  were 
estimated  as  described  in  Materials  and  methods.  Mean  of  three 
representative  experiments.  Grey  bars:  0.1  pM  RU486.  Black 
bars:  no  hormone  added 


cells).  In  the  Cre-dependent,  0-galactosidase  expression 
cassette,  nls-lacZ  is  separated  from  an  active  promoter 
by  a  neomycin  phosphotransferase  II  (neoR)  minigene 
(Figure  IB).  Upon  Cre-mediated  recombination,  the  loxP- 
flanked  neoR  minigene  is  excised  and  lacZ  is  expressed 
from  the  HSV-tk  promoter  and  SV40  enhancer  elements. 

Clone  43  (3TZ43)  contained  only  intact  copy/copies 
of  the  transfected  DNA  (Figure  1C),  which  remained 
stable  throughout  extensive  in  vitro  serial  passaging, 
and  showed  no  background  of  ^-galactosidase  in  the 
absence  of  Cre.  On  the  other  hand,  100%  of  these  cells 
were  able  to  express  0-galactosidase  upon  expression 
of  Cre  (Figure  IE  and  data  not  shown),  thus  avoiding 
contaminating,  non-staining  cell  populations  observed  in 
similar  read-outs  [43],  possibly  resulting  from  tandem 
arrays  of  the  integrated  reporter  construct  [44].  The 
uniform  nuclear  0-galactosidase  staining  of  the  3TZ  43 
cells  provides  a  highly  sensitive  in  vitro  assay  for  the 
detection  of  Cre  activity  expressed  by  both  amphotropic 
and  ecotropic  retroviruses,  an  ability  not  shared  by  other 
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Cre-reporter  systems  based  on  simian  [18,44,45],  feline 
[46]  or  human  cell  lines  [47]. 

Validation  of  ME SV  vectors  and 
delivery  of  Cre  activity  in  3TZ  cells 

Using  the  3TZ  read-out  system,  the  titers  of  supernatants, 
produced  by  several  TE-FLY-E  clones  stably  transfected 
with  p718C  (TEC  cells),  were  estimated  to  range  from 

1.6  x  104  to  2.4  x  106  IU/ml.  These  results  were  in 
agreement  with  the  intensities  of  the  respective  RNA 
dot  blots,  resulting  from  viral  RNA  hybridized  with  a 
32P-labelled  Cre-specific  probe  (Figure  ID  and  data  not 
shown).  When  cultured  at  higher  cell  densities  the  high 
producer  TEC3  clone  was  able  to  generate  viral  titers  up  to 

2.6  x  107  IU/ml,  this  being  up  to  an  order  of  magnitude 
higher  than  the  titers  reported  for  earlier  vectors 
expressing  Cre  together  with  selectable  markers  [48]. 

Transfection  and  viral  gene  transduction  were  com¬ 
pared  for  delivering  tight  hormone-dependent  regulation 
of  Cre  activity  with  the  p719CP  construct.  Transient  trans¬ 
fection  of  the  3TZ  43  cells  line  with  p718C  or  p719CP 
DNA  in  the  presence  of  0.1  |iM  RU486  revealed  compa¬ 
rable  levels  of  Cre  activities,  with  9.4  and  11.5%  of  the 
cells  staining  for  ^-galactosidase  activity,  respectively. 
Detectable  levels  of  hormone-independent  Cre  activity 
were  observed  in  p719CP-transfected  cells,  with  0.8% 
of  the  cells  expressing  0-galactosidase  in  the  absence  of 
RU486  (Figure  2A).  This  corresponds  to  8.5%  of  the  total 
transfected  cells,  as  estimated  from  the  number  of  blue- 
stained  cells  produced  by  transfecting  3TZ  cells  with  the 
p718C.  Leaky  Cre.PR  activity  was  reduced  to  2.4%  of 
total  transfected  cells  upon  viral  gene  transduction.  This 
allowed  for  a  more  pronounced  relative  induction  of  Cre 
activity  in  the  presence  of  RU486  in  virally  transduced 
cells  (average:  40.8-fold),  as  compared  with  transfected 
cells  (average:  15.5-fold).  These  results  demonstrate  tight 
RU486-dependent  regulation  of  Cre.PR  activity  in  retro- 
virally  transduced  cells. 

Comparison  with  Moloney  retroviral 
and  adenoviral  vectors  expressing 
constitutively  active  LacZ  in  ES  cells 

In  order  to  directly  quantitate  the  MESV-mediated 
gene  transduction  into  ES  cells,  the  p796L  retrovirus 
encoding  E.  coli  LacZ  was  constructed  using  the 
same  retroviral  vector  backbone  as  the  p718C  virus 
(Figure  4A).  Infectious  particles  were  generated  using 
the  TE-FLY-E  packaging  cell  line,  and  stable  clones 
(TEZ)  were  isolated  that  produced  viral  titers  of  up  to 
0.9  x  107  IU/ml.  To  compare  efficiencies  of  amphotropic 
and  ecotropic  env  in  mediating  infection  of  ES  cells, 
the  p796L  virus  was  also  packaged  transiendy  using 
the  PhoenixA  cell  line  (PhA/796L)  and  equal  numbers 
of  viral  particles  as  assayed  on  3T6  cells  were  used 
to  infect  HM1  ES  cells.  Infection  of  HM1  ES  cells 


by  TEZ/796L  or  PhA/796L  retrovirus  particles  revealed 
comparable  gene  transduction  efficiencies  of  5.3  ±  0.4 
and  5.05  ±0.15%,  as  compared  with  infection  of  3T6 
cells,  respectively  (Figure  4C),  indicating  that  both 
ecotropic  and  amphotropic  pseudotyping  are  suitable  for 
this  purpose. 

The  relative  transduction  efficiency  was  unchanged 
(5.55  ±0.85%)  when  20  times  more  TEZ/796L  pack¬ 
aged  viral  particles  were  used  (Figure  4B).  In  contrast, 
infections  by  the  BAG  retroviral  vector  (MoMuLV-based 
retrovirus  encoding  lacZ)  [31]  packaged  in  PhoenixA 
cells  (PhA/BAG  virus)  resulted  in  the  transduction  of  only 
0.06  ±  0.035%  of  the  ES  cells,  as  compared  to  fibroblasts. 
These  results  are  in  agreement  with  MESV  being  signifi- 
candy  more  efficient  than  MoMLV  in  transducing  ES  cells. 

We  next  compared  the  796L  retrovirus  to  an 
adenoviral  vector  expressing  /J-galactosidase  under 
the  cytomegalovirus  (CMV)  immediate  early  promoter 
(H5.010CMVlacZ  [32],  referred  to  here  as  AdlacZ).  By 
conducting  a  series  of  infections  at  a  variety  of  MOIs 
(ranging  from  1:17  to  14:1)  we  observed  that  both 
viruses  were  able  to  transduce  ^-galactosidase  activity 
into  HM1  ES  cells,  with  the  absolute  numbers  of  fi- 
galactosidase-expressing  ES  cells  Cblue’  cells)  increasing 
as  the  quantities  of  added  fibroblast  active  viral  parti¬ 
cles  increased  (data  not  shown),  this  being  at  variance 
with  a  previous  work  reporting  the  failure  of  a  similar 
AdlacZ  virus  to  transduce  undifferentiated  ES  cells  [26]. 
However,  AdlacZ  transduced  preferentially  the  mouse 
embryonic  fibroblasts  (MEFs)  used  as  feeders  for  the 
HM1  ES  cells  (Figures  4E  and  4G).  By  averaging  the 
results  of  several  experiments  conducted  at  different 
MOIs  (ranging  from  1:7-14:1),  it  was  estimated  that 
53.15%  (±4.35)  of  the  total  X-Gal-stained  cells  per  cul¬ 
ture,  after  AdlacZ  treatment,  were  morphologically  MEF 
feeder  cells  (Figures  4D  and  4F).  This  result  is  even  more 
striking  when  considering  that  the  MEFs  represented  only 
11-16%  of  the  total  mixed  ES  and  MEF  cell  population. 


MESV-based  vectors  can  efficiently 
deliver  Cre  to  ES  cells,  and  promote 
Cre-mediated  recombination  in  ROSA 
ES  cells 

The  ability  of  p718C  to  transduce  Cre  recombinase  into  ES 
cells  was  tested  using  a  polyclonal  antibody  against  Cre. 
This  antibody  was  able  to  detect  Cre  recombinase  in  TE- 
FLY-E  cells  stably  transfected  with  p718C  (TEC  clones). 
In  particular,  immunohistochemical  staining  of  the  high- 
producer  TEC3  clone  revealed  the  presence  of  nuclear 
localized  Cre  in  100%  of  the  cells,  whereas  untransfected 
TE-FLY-E  cells  did  not  stain  (Figure  3B  and  data  not 
shown).  Similarly,  HM1  ES  cells  previously  infected 
with  TEC3  supernatants  were  specifically  stained  by  the 
Cre  antibody,  indicating  that  the  MESV-based  p718C 
retroviral  vector  efficiently  transfers  Cre  recombinase  in 
ES  cells  (Figure  3D  and  data  not  shown). 
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Figure  5.  High  efficiency  MESV-mediated  transfer  of  Cre  recombinase  to  ES  cells.  ROSA26-R  ES  cells  were  plated  at  104  cells/cm2 
in  6-well  plates  on  feeder  fibroblasts.  One  day  later  they  were  infected  with  VSV-G-pseudotyped  Cre  retrovirus  at  MOI  0.5  (A)  or  50 
(B)  in  the  presence  of  8  jxg/ml  polybrene.  Two  days  later  cells  were  fixed,  stained  overnight  with  X-Gal  (1  mg/ml)  staining  solution 
and  photographed.  Original  magnification  x  100 


To  test  the  ability  of  this  retroviral  system  to  transfer 
Cre  activity  in  ES  cells,  we  used  the  ROSA26-R  ES  cell 
read-out  system,  and  VSV-G  pseudotyped  virus,  which 
allows  pelleting  of  the  virus  by  ultracentrifugation  and 
virus  concentration  without  loss  of  activity  [38].  Up  to  20 
times  higher  titers  were  achieved  by  this  method,  reaching 
5  x  108  3TZ  infectious  units  per  ml.  Using  high  titer  virus, 
at  MOI  50,  functional  recombination  was  achieved  in  the 
majority  of  ES  cells  (Figure  5B).  At  MOI  0.5, 1.54  ±  0.71% 
of  the  population,  and,  at  MOI  0.005,  0.21  db  0.02%  of  ES 
cells  were  transduced,  suggesting  that  transduction  of  ES 
cells  by  the  VSV-G-pseudotyped  virus  is  disproportionate 
to  the  input  of  Cre-expressing  viral  particles,  as  was  also 
the  case  for  the  MoMuLV-enveloped  virus  (not  shown). 

Discussion 

The  goal  of  the  present  work  was  to  generate  and 
analyze  viral  vectors  that  efficiendy  express  Cre  and 


hormone-inducible  Cre  in  embryonic  stem  cells.  Viral 
titers  were  compared  using  a  novel  Cre-reporter  system 
based  on  3T6  fibroblasts,  which  we  showed  are  also 
susceptible  to  infection  with  adenoviral  vectors.  Similar 
read-out  systems  derived  from  NIH-3T3  [40]  have  been 
reported,  which  are  likely  to  lack  adenovirus  receptors 
[41,42]. 

Our  finding  that  retroviral  transduction  of  mouse 
fibroblasts  with  p719CP  allows  for  tighter  regulation 
of  the  expressing  Cre.PR  by  RU486,  as  compared  with 
transfection  techniques,  is  of  importance  for  the  transfer 
of  this  and  other  post-translationally  controlled  Cre 
systems  in  cells.  The  higher  leakiness  observed  upon 
transfection  of  the  vector  DNA  may  be  due  to  several 
reasons:  (1)  The  stress  of  transfection  may  transiendy 
interfere  with  the  mechanism  of  regulation  of  the  steroid 
receptors.  (2)  Large  quantities  of  DNA  taken  up  by  the 
cells  may  lead  to  high  levels  of  expression  of  Cre.PR, 
thus  overwhelming  the  natural  regulation  of  steroid 


Figure  3.  Detection  of  Cre  recombinase  in  ES  cells  infected  with  TEC3  supernatants.  (A,  B)  TEC3  cells  were  plated  on  glass  coverslips 
at  1.0  x  104  cells/cm2.  Next  day  they  were  immunostained  with  a  rabbit  anti-Cre  polyclonal  antibody.  Nuclei  stained  with  DAPI 
were  identified  under  UV  light  (A),  whereas  nuclear  localized  Cre  could  be  visualized  after  staining  with  a  phycoerythrin-labelled 
secondary  antibody  (B).  Original  magnification  x40.  (C,  D)  HM1  ES  cells  were  plated  on  glass  coverslips  at  0.5  x  10s  cells/cm2. 
The  next  day  they  were  infected  with  TEC3  supernatants  in  the  presence  of  8  pg/ml  polybrene.  Two  days  later  cells  expressing 
Cre  were  immunostained  with  a  rabbit  anti-Cre  polyclonal  antibody  followed  by  a  phycoerythrin-labelled  secondary  antibody  (D). 
Nuclei  were  visualized  using  DAPI  staining  (C).  Original  magnification  x20 

Figure  4.  Differential  pattern  of  infection  of  HM1  ES  cells  by  796L  and  AdlacZ  viruses.  (A)  MESV-based  retroviral  vector  expressing 
E.  coli  /9-galactosidase  containing  a  nuclear  location  signal  (p796L);  pbs:  primer  binding  site  (here:  MESV  pbs  for  tRNA*,u);  d.r.: 
direct  repeat;  U3,  R,  U5:  regulatory  elements  of  MoMuLV-based  LTRs.  (B)  HM1  ES  cells  were  plated  on  feeder  cells.  The  next  day 
they  were  infected  in  the  presence  of  8  iig/ml  polybrene  with  1  x  104  ‘fibroblast-active  particles’  of  either  PhA/BAG  or  TEZ2/p796L 
virus.  Two  days  later  cells  were  fixed  and  stained  with  X-Gal  staining  solution.  Numbers  of  blue  cells  were  expressed  as  percentages 
of  the  input  fibroblast-active  particles.  Mean  of  three  independent  experiments.  (C)  HM1  ES  cells  were  plated  on  feeder  cells.  The 
next  day  they  were  infected  in  the  presence  of  8  pg/ml  polybrene  with  2.5  x  10s  ‘fibroblast-active’  particles  of  either  PhA/796L  or 
TEZ2/p796L  virus.  Two  days  later  cells  were  fixed  and  stained  with  X-Gal  staining  solution.  Numbers  of  blue  cells  were  expressed 
as  percentages  of  the  input  fibroblast-active  particles.  Mean  of  two  independent  experiments.  (D,  E)  HM1  ES  cells  were  plated  at 
0.35  x  10s  cells/cm2  on  feeder  cells  (previously  plated  at  1.0  x  10s  cells/cm2).  The  next  day  they  were  infected  in  the  presence  of 
8  M-g/ml  polybrene  with  5  x  105  ‘fibroblast-active’  particles  of  either  TEZ2  (D)  or  AdlacZ  virus  (E).  Two  days  later  cells  were  fixed 
and  stained  with  X-Gal  staining  solution.  Original  magnifications  x50.  (F,  G)  Percentages  of  total  X-Gal-stained  cells  identified  as 
blue-stained  ES  cells  and  blue-stained  feeder  cells,  respectively.  Mean  of  two  representative  retroviral  TEZ2  infections  (F)  and  eight 
adenoviral  AdlacZ  infections  (G) 
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receptors  [53].  (3)  Mutations,  rearrangements  or  partial 
degradation  of  DNA  taken  up  by  the  transfected  cells  may 
inactivate  or  delete  the  PR  domain  in  a  fraction  of  the 
expressed  proviral  DNA.  In  contrast  to  DNA  transfection, 
retroviral  gene  transduction  characteristically  leads  to  the 
integration  of  only  a  limited  number  of  intact  functional 
copies,  with  minimal  stress  for  the  target  cells. 

Retroviral  vectors  transduce  ES  cells  considerably  less 
efficiently  than  fibroblasts  [10,12].  Similar  results  were 
obtained  even  when  transgene  expression  was  driven 
from  internal  promoters  theoretically  avoiding  the  LTR- 
mediated  transcriptional  silencing  in  ES  cells  [25].  On 
the  other  hand,  Laker  et  al.  [9],  measuring  neo  resistance 
conferred  from  monocistronic  MESV  vectors,  reported 
comparable  efficiencies  of  gene  transduction  for  either  ES 
cells  or  NIH3T3  fibroblasts,  whereas  bicistronic  vectors 
preferentially  transduced  the  fibroblasts.  Variations  in  the 
relative  efficiencies  of  transduction  into  ES  cells  could 
in  part  be  attributed  to  the  different  titration  methods 
used,  to  differences  in  construct  characteristics  such  as 
splicing  signals  and  number  of  cistrons  included,  or  to  the 
different  ES  cell  lines  used  [8]. 

The  poor  gene  expression  afforded  by  MoMuLV-derived 
vectors  in  embryonic  carcinoma  (EC)  and  ES  cells  [5]  is 
partially  circumvented  by  MESV-based  [8-10]  or  MND 
[10]  vectors.  We  were  able  to  show  that  the  MESV-based 
retrovirus  can  transfer  Cre  activity  into  ES  cells.  This 
was  shown  both  by  immunostaining  documenting  the 
presence  of  Cre  protein  in  the  target  cells,  as  well  as  by 
assessing  its  recombinogenic  activity  in  a  functional  ES 
cell  assay.  The  latter  system  allowed  us  to  achieve  high 
(over  60%)  transduction  efficiencies. 

By  infecting  with  equal  quantities  of  retroviral  particles, 
estimated  from  transduction  of  mouse  fibroblasts,  we 
were  able  to  calculate  that  MESV-based  vectors  can 
transduce  the  ES  cells  approximately  by  two  orders 
of  magnitude  more  efficiendy  than  vectors  containing 
original  MoMuLV  LTRs  and  pbs.  This  improvement  is 
substantially  stronger  than  that  observed  by  Robbins  et  al. 
[10]  who,  using  a  MoMuLV-based  vector  expressing  the 
chloramphenicol  acetyltransferase  (CAT)  gene,  estimated 
a  12%  relative  CAT  activity  in  CCE  ES  cells  compared  with 
PA317  fibroblasts  and  only  a  4-fold  improvement  with  the 
use  of  the  MESV-like,  MND  vector.  Others  have  reported 
failure  of  MoMLV-driven  transgene  expression  in  ES  cells 
[12]. 

Our  findings  are  consistent  with  results  recently 
reported  for  transduction  of  fluorescent  markers  into 
ES  cells  using  retroviral  vectors  [12-14].  It  should  be 
noted,  however,  that  efficiencies  reported  here  have  been 
achieved  in  some  cases  only  when  exposing  the  cells 
to  extremely  high  excess  of  viral  particles  (e.g.  at  MOI 
nearly  600  [13]),  whereas  in  other  systems  more  modest 
conditions  are  required  [14].  Insertion  of  regulatory 
elements  such  as  the  woodchuck  hepatitis  B  virus  post- 
transcriptional  regulatory  element  or  VSV-G  pseudotyping 
was  reported  to  increase  efficiency  of  transduction  to 
levels  comparable  to  those  mediated  by  lentiviral  vectors 
[13,14]. 


Comparison  of  796L  with  AdlacZ-mediated  gene 
transfer  into  ES  cells  revealed  that  the  retroviral  vector 
preferentially  transduced  ES  cells,  as  compared  with  the 
AdlacZ  vector  that  transduced  preferentially  the  MEFs 
used  as  feeders  in  the  ES  culture.  The  preferential 
infection  of  MEFs  could  potentially  be  related  to  the 
fact  that  the  MEFs  were  mitotically  blocked  by  mitomycin 
treatment  [49]  as  well  as  to  a  relative  abundance  of 
the  main  adenovirus  receptor,  the  CAR  receptor  [42], 
in  MEFs  as  compared  to  ES  cells.  Variable  expression 
of  this  receptor  has  been  recently  shown  for  other 
cell  lines  [50,51].  By  analogy,  the  relative  failure  of 
adenoviral  vectors  to  transduce  another  type  of  stem 
cell,  the  hematopoietic  stem  cell,  has  been  attributed 
to  low  or  undetectable  adenovirus  receptor  levels  [52]. 
It  should  also  be  noted  that  our  relative  efficiency 
of  ES  transduction  by  AdlacZ  (as  compared  with  the 
transduction  of  fibroblasts  infected  by  the  same  vector) 
was  significantly  lower  than  the  30-50%  efficiency 
reported  for  the  infection  of  AB1  ES  cells  at  the  high 
MOI  of  100,  with  an  adenoviral  vector  expressing  neoR 
under  the  PGK  promoter  [24].  One  reason  for  this 
may  be  more  efficient  activity  of  the  PGK  promoter  as 
compared  with  that  of  the  CMV  promoter  in  ES  cells. 
However,  the  estimations  in  that  report  were  deduced 
from  Southern  blot  analysis,  essentially  differing  from 
our  assay.  Nevertheless,  the  CMV  promoter  is  the  most 
commonly  used  internal  promoter  in  adenoviral  vectors 
in  numerous  in  vivo  applications  [3]. 

Transgene  expression  from  retrovirally  modified  ES 
cells  is  silenced  in  the  emerging  mice  through  both 
methylation-dependent  and  -independent  mechanisms, 
even  when  the  retrovirus  used  is  of  the  MESV-type 
[12].  Accordingly,  this  transcriptional  repression  can  be 
partially  circumvented  by  the  use  of  5-azadeoxycytidine. 
MESV-driven  transgene  expression  was  reported  to 
be  maintained  upon  differentiation  of  ES  cells  or 
hematopoietic  progenitor  cells  [12],  allowing  the  use 
of  retrovirally  modified  stem  cells  for  developmental 
experiments,  as  a  viable  alternative  to  the  recently 
established  lentivirus-based  systems  [13].  Transfer  and 
activation  of  Cre  in  appropriately  modified  stem  cells 
allow  for  irreversible  site-directed  mutagenesis,  which  in 
any  case  does  not  suffer  from  shut  down  of  retroviral  gene 
expression  afterwards.  The  post-translational  regulation 
of  Cre-mediated  recombination  in  ES  cells  also  limits 
the  timing,  extent  and  the  potential  toxic  effects  of  Cre 
activity  [54].  The  fact  that  Cre.PR  can  be  efficiently 
activated  in  the  presence  of  RU486  in  murine  ES  cells 
[18]  renders  this  regulatory  system  a  powerful  tool  for 
inducible  site-specific  recombination  in  embryonic  and 
other  stem  cells. 

In  summary,  using  the  Cre-  or  Cre.PR-expressing  p718C 
and  p719CP  retroviruses  we  were  able  to  achieve  efficient 
gene  transduction  and  high  Cre/loxP  recombination  rates 
in  two  different  ES  cell  lines.  These  studies  indicate 
that  the  MESV-based  retroviral  vectors  are  suitable 
vectors  for  gene  transfer  and  genetic  modification  of  ES 
cells. 
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